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ABSTRACT OF DISSERTATION 
 
EVALUATION AND PREVENTION OF SPONTANEOUS COMBUSTION 
DURING HANDLING AND STORAGE OF COAL 
 
 Spontaneous combustion of coal has historically been a major problem for the 
coal industry, predominantly during storage and transportation. Various methods have 
been used in the laboratory for evaluating the propensity of different coal sources to self-
heat. However, the heterogeneity of coal and the complexity of the system has resulted 
in inconsistencies and sometimes conflicting results as indicated by the findings reported 
in several publications.  
 The primary objective of the current study was to build a laboratory scale 
apparatus that simulates the condition of a coal stockpile to evaluate the events leading 
to spontaneous combustion and develop potential remedies. As such, the influential 
factors can be identified with confidence, thereby providing an improved understanding 
of the spontaneous combustion. 
 An adiabatic heating apparatus was designed and constructed which included 
instrumentation to closely monitor the oxidation process and the stages leading to 
spontaneous combustion under various conditions. The device was equipped with 
thermocouples which measured the temperature rise as a function of time leading to the 
determination of an index value that indicated the propensity of a given coal source to 
spontaneously combustion.  The index was referred to as the R70 value which was 
measured as the temperature was increased during the period of rapid oxidation. The 
units for the index was degrees Celsius per hour. As such, a high index value reflected 
the likelihood of spontaneous combustion for a given coal source. 
 To standardize the test procedure, a detailed three-level statistical experimental 
design was conducted involving three critical parameters, i.e., particle size, oxygen flow 
rate and the duration of the drying period prior to feeding oxygen to the system. Using 
empirical models describing the R70 value as a function of the parameter values 
developed from the test data, it was determined that R70 was sensitive to the sample 
particle size and drying time. A decrease in particle size and drying time significantly 
increased the R70 value while the oxygen rate did not have a significant impact over the 
range of values tested. Based on the results of the test program, a standard test procedure 
 
 
was established to evaluate various coal sources and identify chemicals that could be 
used to remediate the spontaneous combustion issue. 
 Several sub-bituminous coal sources collected from the Powder River Basin were 
tested in the apparatus and found to be prone to spontaneous combustion as indicated by 
R70 values that approached 50oC per hour. Several chemicals were evaluated as a means 
of eliminating or slowing the spontaneous combustion process. These agents included 
anti-oxidants, binders and humectants.  Organic binders were used to agglomerate the 
fine coal particles which limited surface area exposure. The effect significantly reduced 
the oxidation rate as indicated by a reduction in the R70 index from 44.07oC/hr to 
5.71oC/hr. However, after entering the latent heat stage, the temperature increased 
rapidly at a rate of 27.58oC/hr. Humectants were evaluated which contained several 
hydrophilic groups, mainly hydroxyl groups, and thus have an affinity for water. As a 
result, when the coals were treated with humectant, the latent heat rate was reduced to 
4.24oC/hr although the R70 remained relatively high. By using a combination of 
humectant and binder, the optimum result was obtained with an R70 value of 5.04oC/hr 
and a latent heat rate of 11.06oC/hr. These findings were successfully implemented into 
industrial practice for significantly delaying the spontaneous combustion event. 
 
KEYWORDS: Coal; Spontaneous Combustion; Oxidation; Adiabatic Heating; Thermal 
Runaway; Latent Heat 
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Chapter 1. Introduction 
 
1.1. Research background  
In recent years, coal’s market share of the world’s energy supply has dampened. 
Some believe it is due to massive regulations while others believe it is due to subsidized 
renewable energies and competition with natural gas. As such, some have concluded that 
coal becoming a non-factor in the energy sector. As evidence of this assertion, France’s 
environment minister Nicolas Hulot announced, following the Paris climate agreement, 
that France plans to ban production of electricity via coal by 2022. The reality is that coal’s 
share of the energy pie may be shrinking but its importance in the energy market will not 
be extinguished in the near future. In a study reported by the International Energy Outlook 
2016 (IEO2016) on the demand for energy worldwide, coal usage was projected to increase 
48 percent from 2012 by 2040 (Gruenspecht 2016). To put it simply, coal is more likely to 
be  a slow-growing energy source for the electrification of underdeveloped countries. 
An understanding of coal science and safe utilization is important in the effort to 
understand better the way coal is extracted, processed and utilized. In this study, the focus 
was the prevention of spontaneous combustion which occurs due to coal oxidation during 
the extraction, transport and storage of the coal at the mining operation and the location of 
the end user. Solving this problem greatly benefits the environmental and economic aspects 
of coal production and end usage.  
Self-heating is a result of a set of exothermic chemical reactions. When the sum of 
the accumulated heat is more than the dissipated heat, the temperature within the coal rises. 
As the temperature rises, the rate of self-oxidation increases accordingly. As coal oxidizes, 
it loses some of its desirable properties which can pose safety hazards at the mine face, pit, 
transportation and stockpiles. 
Mine fires pose a great danger for miners in the form of gas poisoning from the 
liberation of carbon monoxide (Kim and Chaiken 1993). Spontaneous combustion has led 
to numerous mine disasters with multiple losses of life. Furthermore, these fires can 
contribute to explosions and cause massive losses to national property. This destruction of 
assets has forced mines to close temporarily or permanently. One of the recent disasters 
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was the Moura No. 2 explosion in Australia in August 1994, in which losses of property 
and production amounted to $50 million worth of damage (Grubb 2008). 
From an economic standpoint, spontaneous combustion not only causes loss to 
national property but also makes taking precautions with insurance, to manage the risk, an 
increasingly expensive endeavor. If a cost-benefit analysis is well presented to the coal 
industry and utility companies, prevention will no longer be an option, but a necessity.   
Because of these concerns, better practices to prevent spontaneous combustion 
events must be pursued through a fundamental understanding of spontaneous combustion 
mechanisms of coal. Various methods have been developed and applied to study and 
describe the self-heating and the spontaneous combustion at laboratory scale size. Most of 
the techniques are based on the measurement of the ignition temperature and oxidation 
rate. The results obtained were then used to produce the liability index. Given the data from 
diverse types of coal, self-heating rates can be calculated for each type.  
Understanding previous methods of measuring the liability index will be utilized to 
develop a new apparatus to measure and comprehend the spontaneous combustion of coal. 
Knowledge of the influential factors of spontaneous combustion will contribute to the 
creation of a chemical compound to prevent or delay same. 
1.2. Research Objective  
The overall purpose of the proposed research is to develop an innovative chemical 
compound or compounds to coat coal particles to prevent or delay the phenomenon of the 
spontaneous combustion of coal induced by the accumulation of heat due to the self-heating 
of coal. The chemical compounds are developed in a fashion to counter the influential 
factors causing the combustion. A lab-scale apparatus was designed and evaluated to 
identify the influential factors of coal oxidation, as well as to measure the effectiveness of 
the chemical compound(s) for the prevention or delay of spontaneous combustion. The 
findings of previous researchers indicate that the use of chemical compounds slow the 
spontaneous combustion by affecting the chemical reactions associated with the 
spontaneous combustion process. However, detailed investigations and fundamental 
studies on the effect of the chemical compound(s) on the physical aspects of the 
combustion process has only been done in a limited scope. The work reported in this 
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dissertation focused on the mechanisms of the spontaneous combustion process and 
identified useful chemical compound(s) that can physically and chemically prevent or 
delay the spontaneous combustion of coal. Specific objectives were: 
(1) The construction of an apparatus at laboratory scale size to simulate the 
spontaneous combustion of coal in a given stockpile of coal; 
(2) The evaluation of the temperature rise rate as coal oxidizes under various 
physical conditions; 
(3) The use of an experimental design to evaluate the primary factors leading to a 
spontaneous combustion event;   
(4) The application of a chemical compound or compounds that can counter the 
identified influential factors of spontaneous combustion;  
(5) The evaluation of the performance of the chemical compound(s) in a laboratory 
apparatus after treating and coating the coal particles; 
(6) The application of scaling laws to relay data obtained on the laboratory scale to 
field practice. 
The successful development of the proposed process will assist in the creation of a 
safer work environment for coal miners, prevent waste, and significantly increase the 
interest in coal mining industries and utility companies, where prevention is no longer an 
option, but a necessity. 
1.3. Structure of the dissertation  
The content of the dissertation starts with a review of the state-of-the-art designs 
and previous work performed in the spontaneous combustion of coal. Chapter 3 describes 
the design and construction of the apparatus used in the study. The main features of the 
device will be discussed in this section.  
In Chapter 4, a test program following a statistical experiment design is presented 
and the results discussed.  The effects of the most significant parameters are quantified and 
discussed. A statistical evaluation of the data is presented.  
In Chapter 5, results obtained in Chapter 4 are used to produce scaling laws where 
data obtained on a laboratory scale can be used to describe spontaneous combustion in the 
field. Understanding critical parameters allows insight into the physical and chemical 
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process of coal auto-oxidation and is the key to derive the right scaling law, which is further 
explained in this chapter.  
Commercial chemical development is described in Chapter 6. Factors considered 
to develop the compound are deliberated in this chapter.  
Conclusion and recommendations for future studies are given in the last chapter, 
along with references.  
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Chapter 2. Literature Review 
 
2.1. Coal 
Coal is a heterogeneous combustible rock, mainly containing organic matter. It was 
created by the accumulation of vegetation and its subsequent physical and chemical 
alterations (Crickmer and Zegeer 1981). Coal consists of carbon, hydrogen, oxygen, and a 
lesser amount of sulfur, nitrogen, and other trace elements. It also consists of some ash-
forming inorganic components.  
Coal rank describes the degree of the coalification process based on carbon content, 
heating value, volatile matter and moisture contents. Table 2.1 specifies the development 
of coal from lower to higher rank. According to Table 2.1, moisture and volatile matter 
decrease with coal rank, whereas the fixed carbon content and calorific value increase with 
coal rank. 
However, properties of coal are not entirely summarized in their ranks but also, to 
some degree, depend on the kind of precursor material and the environment during the 
coalification process (Glasser and Bradshaw 1990).   
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Table 2-1: Coal Development and Progression to Higher Ranks (Cliff, Clarkson et al. 
2000) 
Stage Rank Predominant Processes 
Predominant Physical / 
Chemical Changes 
Peat 
Formation Peat 
Maceration, 
Humification, 
Gelification, 
Fermentation, 
Concentration of 
Resistant Substances 
Formation of Humic 
Substance, Increased 
Aromaticity 
Dehydration Lignite to         Sub-bituminous 
Dehydration, 
Compaction, Loss of 
O-bearing Groups, 
Expulsion of -COOH, 
CO2, and H2O 
Decreased Moisture 
Content and O / C Ratio, 
Increased Heating Value, 
Cleat Growth 
Bituminization 
Upper Sub-
bituminous A 
through High 
Volatile A 
Bituminous 
Generation and 
Entrapment of 
Hydrocarbons, 
Depolymerization of 
Matrix, Increased 
Hydrogen Bonding 
Increased Vitrinite, 
Increased Fluorescence, 
Increased Extract Yields, 
Decrease in Density and 
Sorbate Accessibility, 
Increased Strength 
Bituminization 
Uppermost 
High Volatile A 
through Low 
Volatile 
Bituminous 
Cracking to Low 
Molecular Weight 
Hydrocarbons 
Especially Methane 
Decreased Fluorescence, 
Decreased Molecular 
Weight of Extracts, 
Decreased H / C Ratio, 
Decreased Strength, Cleat 
Growth 
Graphitization 
Semi-anthracite 
to Anthracite to 
Meta-anthracite 
Coalescence and 
Ordering of Pre-
graphitic Aromatic 
Lamellae, Loss of 
Hydrogen, Loss of 
Nitrogen 
Decrease in H / C ratio, 
Increased Sorbate 
Accessibility, Anisotropic 
Strength and Ring 
Condensation, Cleat 
Fusion 
 
As coal goes through coalification, its physical and chemical properties change, 
which are not exclusively influenced by its rank. As such, the propensity toward 
spontaneous combustion cannot explicitly be determine by coal’s rank. 
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2.1.1. Role of nature and origin of coal in spontaneous combustion   
Coal is an eminently inhomogeneous material (Glasser and Bradshaw 1990). It’s 
chemical and physical properties depend on its origin and the condition under which the 
coalification process occurred.  Some of the changes in the chemical and physical aspect 
of coal can be a function of coal rank, although coals with the same rank may have different 
chemical and/or physical properties.  
The accepted classification of coal rank is the American Society for Testing and 
Materials (ASTM) scheme, which is shown in Table 2.2. According to ASTM, high-ranking 
coals are classified by volatile matter and increasing carbon content, whereas low-ranking coals are 
defined by their calorific value.   
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Table 2-2: ASTM coal classification by rank (Berkowitz, 2012) 
Class and group Fixed Carbon
a                
(%) 
Volatile Mattera                
(%) 
Heating Value b               
(MJ/Kg) 
I. Anthracite       
        1. Metaanthracite >98 <2   
        2. Anthracite 92-98 2-8   
        3. Semianthracite 86-92 8-14   
II. Bituminous       
        1. Low volatile 78-96 14-22   
        2. Medium Volatile 69-78 22-31   
        3. High Volatile A <69 >31 >32.5 
        4. High Volatile B     30.2-32.5 
        5. High Volatile C     24.4-30.2 c 
III. Subbituminous       
        1. Subbituminous A     24.4-26.7 c 
        2. Subbituminous A     22.1-24.4 
        3. Subbituminous A     19.3-22.1 
IV. Lignite       
        1. Lignite A     14.6-19.3 
        1. Lignite B     <14.6 
a Calculated on dry, mineral-matter-free coal; correction from ash to mineral matter 
made using Parr formula 
b Calculated on mineral-matter-free coal with bed moisture content 
c Coals with heating values between 24.4 and 26.7 MJ/kg are classed as high volatile C 
if they possess “agglutinating” properties or as subbituminous A if they do not. 
 
Generally, oxidation rate of a coal typically decreases for higher ranked coal 
sources. Inherently, lignite coal, which is a low-ranking coal, is more likely to catch fire 
on barges and trucks before it has been stored appropriately.  
Various methods have been used in laboratories to produce a liability index to 
measure the relative tendency of coals to self-heat. Most of the methods are based on the 
oxidation rate at low temperatures, or the ignition temperature, as high oxidation rates or 
low ignition temperatures makes the coal more liable for spontaneous combustion. Ignition 
temperatures are considered by many as one of the functions of coal rank, but coals with 
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the same rank do not necessarily have the same ignition temperature. Figure 2.1 plots the 
ignition temperature of 76 different coals versus volatile matter content. The coals are of 
different geological ages from various parts of the world. 
 
Figure 2-1: Relation between ignition temperature and volatile matter content of coal 
(reproduced from Van Krevelen and Schuyer (1957)) (Kreulen 1948) 
 
Figure 2.1 shows correlation between the volatile matter content of a coal and the 
ignition temperature which implies a correlation with coal rank as well.  The coefficient of 
determination, R2, in Figure 2.1 is about 60%, which means 60% of ignition temperature 
differences can be explained by variability of volatile matter, for that matter by the coal 
rank, while the remaining 40% are in the residuals and cannot be explained by the rank of 
coal. Therefore, correlating ignition temperature with the rank of coal to evaluate the 
propensity of coal to spontaneous combustion would not be precise and always accurate.   
Also, it is noted that coal from different ranks can have similar active sites and, 
thus, the same  oxidation rate (Kaji, Hishinuma et al. 1985). Therefore, correlating 
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oxidation rates with coal rank to evaluate the tendency to spontaneous combustion would 
not always be accurate. 
2.2. Interaction of coal with oxygen and self-heating 
Through the interaction of oxygen and carbon, many products, mainly carbon 
chemical composition products, are produced. Most of the reactions are exothermic. If the 
heat can accumulate, it will lead to spontaneous combustion. Carbon dioxide is recognized 
as the leading and final product, but chemists have broken the chemical reaction to as many 
as 100 steps. Figure 2.2 gives an idea of what happens on the surface of coal. 
 
 
Figure 2-2: Representation of the reactions that occur within, and in the vicinity of, a 
burning particle (Speight 2014) 
 
Initially, combustion of carbonaceous materials starts with reactions among 
reactants. As combustion continues, the process involves a wide variety of reactions among 
reactants, intermediates, and products. The reactions take place simultaneously. As such, 
this accelerates the rate at which heat generates. If the heat generation rate overcomes the 
heat loss rate, heat within accumulates and can lead to fire generation which is known as 
spontaneous combustion. 
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2.2.1. Low-temperature oxidation mechanisms  
Coal, except anthracite, reacts with oxygen at ambient temperature. The sequences 
of the low-temperature oxidation reaction of coal are described in seven steps. First, the 
chemisorption of oxygen onto the surface of the coal to form an oxygen compound with 
the coal, which is believed to produce a peroxide, O2, where the heat evolved is in the 
order of 100 kcal/mole. Second, decomposition of the coal-oxygen complex as a result of 
the formation of an intermediate hydroperoxide (Figure 2.3). 
 (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄):𝑯𝑯 + 𝑶𝑶𝟐𝟐 → (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄) ∙ +𝑯𝑯𝑶𝑶𝟐𝟐 ∙ (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄) ∙ + 𝑶𝑶𝟐𝟐 → (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)𝑶𝑶𝟐𝟐 ∙ (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)𝑶𝑶𝟐𝟐 ∙ + (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄):𝑯𝑯 → (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄)𝑶𝑶𝑶𝑶𝑯𝑯 + (𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄) ∙ 
Figure 2-3: Representation of the oxidation of coal by way of the formation of a transient 
hydroperoxide (Speight 2014) 
 
The third step is the formation of oxygen-containing functional groups on the coal 
(Figure 2.4) (Speight 2014). 
 
𝑪𝑪(𝒔𝒔) + 𝑶𝑶𝟐𝟐(𝒈𝒈) → 𝑪𝑪𝑶𝑶𝟐𝟐(𝒈𝒈)                                          − 𝟏𝟏𝟏𝟏𝟏𝟏,𝟐𝟐𝟏𝟏𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;      −𝟏𝟏𝟗𝟗.𝟗𝟗 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
𝟐𝟐𝑪𝑪(𝒔𝒔) + 𝑶𝑶𝟐𝟐(𝒈𝒈) → 𝟐𝟐𝑪𝑪𝑶𝑶(𝒈𝒈)                                          − 𝟏𝟏𝟗𝟗,𝟏𝟏𝟐𝟐𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;      −𝟗𝟗𝟐𝟐.𝟖𝟖 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
𝑪𝑪(𝒔𝒔) + 𝑪𝑪𝑶𝑶𝟐𝟐(𝒈𝒈) → 𝟐𝟐𝑪𝑪𝑶𝑶(𝒈𝒈)                                           + 𝟕𝟕𝟗𝟗,𝟐𝟐𝟐𝟐𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;     +𝟗𝟗𝟏𝟏.𝟐𝟐 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
𝑪𝑪(𝒔𝒔) + 𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈) → 𝑪𝑪𝑶𝑶(𝒈𝒈) + 𝑯𝑯𝟐𝟐(𝒈𝒈)                           + 𝟗𝟗𝟏𝟏,𝟗𝟗𝟏𝟏𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;     +𝟑𝟑𝟏𝟏.𝟗𝟗 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
𝑪𝑪(𝒔𝒔) + 𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈) → 𝑪𝑪𝑶𝑶𝟐𝟐(𝒈𝒈) + 𝟐𝟐𝑯𝑯𝟐𝟐(𝒈𝒈)                    + 𝟑𝟑𝟖𝟖,𝟕𝟕𝟖𝟖𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;     +𝟐𝟐𝟏𝟏.𝟗𝟗 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
Figure 2-4: Reaction sequence at the surface of coal char. (g) gaseous state; (s) solid 
state; (-) exothermic reaction; (+) endothermic reaction (Speight 2014) 
 
At temperatures < 70°C, the coal oxidation terminates with the formation of the 
various oxygen functional groups within the coal. However, at step four, coal temperature 
passes 70°C, the oxidation rate is increased markedly as it proceeds to the point where 
massive degradation of the coal substance occurs, and oxidation rate becomes dependent 
on the porosity of the coal. Rapid absorption of oxygen takes place where the oxygen 
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functional groups decompose into gaseous products, such as carbon monoxide, carbon 
dioxide, and water vapor. (Figure 2.5) 
 
𝟐𝟐𝑪𝑪𝑶𝑶(𝒈𝒈) + 𝑶𝑶𝟐𝟐(𝒈𝒈) → 𝟐𝟐𝑪𝑪𝑶𝑶𝟐𝟐(𝒈𝒈)                               − 𝟐𝟐𝟗𝟗𝟑𝟑,𝟗𝟗𝟏𝟏𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;      −𝟏𝟏𝟑𝟑𝟗𝟗.𝟑𝟑 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
𝟐𝟐𝑯𝑯𝟐𝟐(𝒈𝒈) + 𝑶𝑶𝟐𝟐(𝒈𝒈) → 𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈)                               − 𝟐𝟐𝟐𝟐𝟖𝟖,𝟐𝟐𝟕𝟕𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;      −𝟏𝟏𝟏𝟏𝟗𝟗.𝟏𝟏 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
𝑪𝑪𝑶𝑶(𝒈𝒈) + 𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈) → 𝑪𝑪𝑶𝑶𝟐𝟐(𝒈𝒈) + 𝑯𝑯𝟐𝟐(𝒈𝒈)                       − 𝟏𝟏𝟕𝟕,𝟕𝟕𝟏𝟏𝟐𝟐 𝑩𝑩𝑩𝑩𝑩𝑩 𝑰𝑰𝑰𝑰⁄ ;      −𝟏𝟏.𝟖𝟖 𝒌𝒌𝒄𝒄𝒄𝒄𝒄𝒄/𝒌𝒌𝒈𝒈 
Figure 2-5: Reaction sequence at the surface of coal char. (g) gaseous state; (s) solid 
state; (-) exothermic reaction; (+) endothermic reaction (Speight 2014) 
 
In the fifth stage (130-210°C), the temperature stabilizes as moisture vaporizes. 
Once the moisture content is depleted, temperature increases rapidly. At stage six (210-
330°C), the rate of oxidation will increase rapidly. At this point, thermal runaway occurs. 
At stage seven, (>330°C), complete combustion takes place, which can be well reflected in 
significant weight loss. 
2.2.2. Low temperature oxidation kinetics 
The development of kinetic models of the low temperature oxidation of coal is a 
step forward to understanding why and when coal spontaneously combusts (Wang, 
Dlugogorski et al. 2003). Coal oxidation at low temperatures starts with chemisorption of 
oxygen on the surface of the coal. As temperature rises above 40°C, formation of oxygen 
functional groups takes place and the rate of chemisorption decreases. Hence, correlating 
chemisorption of oxygen to the reactivity of coal using the Elovich equation in early stages 
and in a narrow temperature range has been successful (Bowes 1984). The Elovich 
equation is given below: 
 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 𝑎𝑎 exp(−𝛼𝛼𝛼𝛼)        (2.1) 
Where q is the quantity of gas adsorbed during the time t, α is the desorption 
constant during any one experiment. 
The rate of chemisorption of oxygen decreases exponentially as available active 
sites decrease. However, as gaseous products desorb, it creates virgin active sites for the 
chemisorption, and hence causes the deviation (Bowes 1984). 
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A popular equation to study the kinetics of coal oxidation is the Arrhenius equation 
(Carras and Young 1994): 
 𝑘𝑘 = 𝐴𝐴. 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐸𝐸
𝑅𝑅𝑅𝑅
�       (2.2) 
where E is the activation energy, R the gas constant, T the absolute temperature, k 
the rate constant and A is the pre-exponential factor.  
As coal goes through self-heating, it eventually degrades to an alkali-soluble 
product, known as humic acids. In order to check the validity of the Arrhenius equation for 
the reaction of coal with oxygen, humic acids can be used to define the activation energy.  
The amount of humic acids (H) which are formed through oxidation are 
proportional to the rate constant (Kreulen 1948): 
 𝐻𝐻 = 𝑎𝑎𝐴𝐴. exp �−𝐸𝐸
𝑅𝑅𝑅𝑅
�       (3.3) 
The above equation may also be written in the form: 
 lg𝐻𝐻 = 𝐶𝐶 − 𝑄𝑄
𝑅𝑅𝑅𝑅
        (3.4) 
Produced humic acid can be measured proportionally to the increase of the 
temperature. Then collected data can be plotted as 𝑙𝑙𝑙𝑙 𝐻𝐻 versus 1
𝑅𝑅
 × 105 (Kreulen 1948). 
Kerulen collected data from two different types of coal to plot Figure 2.6. 
 
Figure 2-6: log H versus 1/T × 105 (Kreulen 1948) 
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According to the Arrhenius equation, the slope of the plotted line can be used to 
compute the activation energy. The high energy of activation denotes a high-rank coal, and 
low activation energy represents a low-rank coal. As activation energy decreases, 
propensity toward spontaneous combustion increases.  Figure 2.6 illustrates a gradual slope 
for coal A in comparison to coal B. As such, coal A has a lower activation energy and is 
more prone to spontaneous combustion. 
2.3. Variables affecting the oxidation process 
The oxidation of coal at low temperatures is affected by several factors. Factors can 
be classified into physical and chemical properties of coal, and the ambient conditions. The 
chemical composition of coal constitutes mainly carbon and hydrogen. However, there are 
other elements such as pyrite that can assist the self-oxidation. 
At one-time pyrite in the coal was considered as one of the main factors for 
spontaneous combustion, especially in the presence of water (Shrivastava, Tripathi et al. 
1992). 2 𝐹𝐹𝑒𝑒𝑆𝑆2 + 7 𝑂𝑂2 + 16 𝐻𝐻2𝑂𝑂 − −→ 2 𝐻𝐻2𝑆𝑆𝑂𝑂4 + 2 𝐹𝐹𝑒𝑒𝑆𝑆𝑂𝑂4 + 7 𝐻𝐻2𝑂𝑂 + 1322𝐾𝐾 (3.5) 
As shown above, the pyrite oxidation is exothermic. Consequently, it enhances the 
self-oxidation rate of coal. Furthermore, pyrite volume increases during oxidation while 
coal lumps disintegrate and create more active sites (Kreulen 1948). Though pyrite may 
act as a catalyst in the oxidation process, it is not the main driving force. Coal sources 
containing relatively low pyrite can also be very prone to spontaneous combustion. 
To investigate self-heating of coal, the focus has been mainly on factors that 
significantly contribute to the spontaneous combustion of coal. This includes the physical 
and ambient conditions of coal which are explained in the following sections. 
2.3.1. Physical properties 
 The physical properties of coal, such as particle size, porosity, and moisture 
content, has a profound effect on the active sites of coal. The oxidation rate can increase or 
decrease based upon on the change in the active surface site. The role of each factor is 
explained in detail in the following sections.  
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2.3.2. Moisture 
The role of moisture in the phenomenon of spontaneous combustion has been a 
controversial subject, and it has been widely investigated by many researchers.  
Coal through coalification transforms from 75%-90% moisture content to 1% 
moisture content as rank increases (Meyers 2012). As fresh coal is mined and exposed to 
air, oxidation is initiated the moisture content drops. Oxidation and loss of moisture results 
in an alteration of the chemical and physical properties of coal. If alteration of coal 
properties due to moisture content reduction results in new physical and chemical 
characteristics elevating the likelihood of spontaneous combustion, moisture content can 
be considered as one of the influential factors for the spontaneous combustion of coal. 
Figure 2.7 presents the range of moisture content for three distinct types of coal and how 
the moisture content within coal impacts its propensity toward spontaneous combustion of 
coal. 
 
Figure 2-7: Propensity of Spontaneous Combustion of coal vs. Moisture content ("Hazard 
Control Technologies - Fire, Vapor, and Contamination Control Solutions," 2015) 
 
Moisture appears to assist spontaneous combustion to a certain point. Beyond a 
maximum level, moisture retards and lowers the chance of spontaneous combustion.  
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The moisture content of coal has a dual impact on coal properties: physical and 
chemical. Some of these impacts will be presented and discussed in the following 
paragraphs. 
Self-heating happens mainly because of oxidation of carbon within the coal. 
Enough moisture content can diminish this process by blockading the active sites of coal. 
Not to mention, minimum created heat will be absorbed to evaporate water (Clemens and 
Matheson 1996). Thus, a large quantity of water not only does not help the occurrence of 
the spontaneous combustion of coal but also prevents or delay the spontaneous combustion 
of coal. 
There is another physical aspect to the mixture of fine particles of coal and 
moisture. Coal over time degrades when exposed to oxygen as demonstrated in Figure 2.8.  
 
Figure 2-8: Degradation of coal over time ("Hazard Control Technologies - Fire, Vapor, 
and Contamination Control Solutions," 2015) 
 
As the coal becomes more friable, larger surface area is exposed to oxygen. Hence, 
more heat per unit volume of coal is released. Coals with respect to their rank, geological 
features, mining practice and ambient conditions have a different friability index. 
Disintegrated coal in the presence of moisture can cohere and fill up the spaces between 
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lumps of coal and act as a blanket to prevent the dissipation of heat from the interior of the 
coal stockpile.  
Different forms of moisture exist in the coal. Surface moisture evaporates first 
followed by the moisture evaporation from the porous parts of coal. Moisture within the 
chemical matrix of coal does not evaporate; it only releases through chemical reactions. 
Thus, moisture in the context of spontaneous combustion of coal only covers the surface 
and the porous moisture.  As illustrated in Figure 2.9, as the type of moisture varies, 
different amounts of heat and energy are required to drive off the moisture. 
 
Figure 2-9: The heat of drying as a function of the moisture content (Chen and Wake 
1994). 
 
According to Figure 2.9, a minimum amount of energy is required to drive off 
moisture on the surface, i.e., free moisture, while more energy is required to drive off the 
moisture which is bound in the pores of the coal. As the size of the pores are reduced, the 
diffusion rate decreases, and hence, even more energy is required.  
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Fresh coal has more propensity toward spontaneous combustion than aged coal. 
Through mining and transportation, coal oxidizes and loses some of its active sites. A 
decrease in active sites results in less oxidation and less creation of heat. Therefore, as time 
passes, coal becomes less prone to spontaneous combustion. Having said that, moisture 
preserves active sites by simply blocking the sites from oxygen. Figure 2.10 illustrates a 
proportional relationship between inherent moisture within coal and the porosity of coal. 
 
Figure 2-10: Relation between inherent moisture content and volume-percent porosity in 
Illinois (Thomas and Damberger 1976). 
 
According to Figure 2.10 moisture increases as porosity increases. Under certain 
conditions when moisture content drops in a relatively short time period, many virgin 
active sites become available to react with oxygen to produce heat.  
Evseev and Voroshilov proposed the idea of a critical moisture content; when 
moisture content drops to 40-50% of the maximum hydroscopic level, the oxidation 
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process increases, especially when the temperature of coal increases to 60-90°C (Evseev 
and Voroshilov 1986). 
The heat of condensation (also known as heat of wetting) assists the temperature 
rise in the initial stages of an internal temperature increase by condensing water vapor on 
the surface of coal. As the temperature rises due to carbon oxidation and heat of wetting, 
coal reaches the latent heat stage where heat will be absorbed by moisture to be evaporated. 
At this point, moisture sinks in the heat and can delay the coal reaching its ignition 
temperature. If too much of the created heat is consumed by the heat of evaporation and 
not enough active sites are left to oxidize to create the necessary heat to move the coal to 
the next stage, the chance of spontaneous combustion will reduce. Therefore, there is an 
optimum level of moisture content to avert the temperature rise in the initial stages and 
simultaneously prevent a temperature rise in the next stages. Walker (Meyers 2012) has 
estimated that at least 40-140 Cal/g coal of energy will be consumed in the vaporization of 
water.  
Coal, through wetting and evaporation due to the interaction of organic oxygen with 
water, creates heat and swells (Meyers 2012). Figure 2.11 demonstrates the rank of coal as 
a function of oxygen content. According to Figure 2.11, the oxygen content of coal 
increases as the carbon content of coal or the rank of coal decreases. A greater interaction 
between oxygen and water results in a more physical breakdown in coal structure which 
creates more surface area for oxygen to penetrate and react with coal (inggram 1984). The 
exothermic interaction of organic oxygen with water is strong. As such, drying coals with 
higher oxygen content is more difficult due to the impact on making the coal more 
susceptible to spontaneous combustion. 
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Figure 2-11: O/C plot of 33 coals on “as-received” basis using oxygen values determined 
by FNAA (Volborth, Miller et al. 1978). 
 
At a lower temperature, oxidation reaction is so slow that the availability of active 
sites and oxygen does not limit oxidation process. During early stages, peroxide is 
developed which enhances the oxidation process. Oxygen dissolved in the water is 
responsible for the formation of peroxide; hence, it is believed by many that a minimum 
amount of moisture content is required to initiate the chain reaction at low temperatures 
(Sujanti and Zhang 2000). This process is an exothermic process at which 100 kcal/mole 
O2 is evolved by the development of peroxide (Speight 2014). 
2.3.3. Particle size 
Many believe that coal particle size plays a key role in the spontaneous combustion 
of coal. Many researchers have explained the effect of particle size via surface area. As 
particle size decreases, the surface area per unit weight of coal increases. Thus, more active 
sites are available for oxidation. Figure 2.12 establishes a relationship between particle size 
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and the outer surface area of coal. According to Figure 2.12, the outer surface area increases 
exponentially per unit weight of coal as the mean diameter of coal particles decreases from 
5 cm to 0.01 cm. Figure 2.12 can very well be utilized to explain the role of coal particle 
size in a coal dust explosion, where the only active site for coal oxidation is the outer 
surface area of coal particles. However, spontaneous combustion, unlike the coal dust 
explosion, does not happen in a hundredth of a second; rather it is a slow process. As such, 
the only active site for coal oxidation is not the outer surface area of coal. Coal is a porous 
material and thus, to have a better understanding of the role of particle size on surface area, 
total surface area of coal must be considered. Figure 2.13 illustrates internal surface area 
of coal as a function of % carbon content. 
 
Figure 2-12: Correlation between particle size and outer surface area. 
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Figure 2-13: Correlation between coal rank, expressed by % carbon content (dry, ash-free 
basis), and internal surface area based on data from the xenon adsorption method (Kini 
1964). 
 
According to Figure 2.13, total surface area depends on the type and rank of the 
coal and ranges from 50 m2/g to 250 m2/g. Comparing Figure 2.12 and 2.13, it seems that 
the effect of particle size on the surface area is negligible and can be ignored. However, 
the ability of oxygen to penetrate within the coal is another phenomenon that will be dealt 
with in more detail in the next section. 
Spontaneous combustion takes place when oxygen in the air reacts with carbon 
within the coal, where the accumulation of heat is more than the dissipation of heat. Coarse 
distribution of coal particles provides good air circulation within a stockpile. Thus, even 
though coal oxidation takes place, the heat dissipation is more than the heat generation. 
Therefore, the reaction rate is limited.  
Fine distribution of coal particles helps the accumulation of heat and the reaction 
rate to increase quickly. As the reaction rate increases, more oxygen is needed, but a fine 
distribution of coal prevents air diffusion. Consequently, oxidation will eventually slow 
down as oxygen depletes. 
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Between these two extreme conditions, coarse distribution and fine distribution, 
there is an intermediate condition where coarse and fine coal particles are mixed in a way 
that the reaction rate and oxygen are not limited. Under this condition, heat accumulates 
and temperature rises. Accordingly, the reaction rate increases, hence the occurrence of 
spontaneous combustion is favored.  
The Damkohler number can be used to identify the reaction limited region as 
follows (Fogler 1999): 
 𝐷𝐷𝑎𝑎 = 𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑜𝑜𝑟𝑟
𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟 𝑜𝑜𝑜𝑜 𝑟𝑟𝑜𝑜𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑜𝑜𝑟𝑟 = τ𝑘𝑘𝐶𝐶𝐴𝐴0𝑟𝑟−1     (3.5) 
in which k is the kinetics reaction rate constant (1/mole.second), CAO the initial 
concentration (mole), τ the mean residence time (second), and n the reaction order.  If a 
stockpile of coal has good circulation of air on the surface and a limited circulation of air 
at the bottom, the Damkohler number (Da) can predict where the spontaneous combustion 
is likely to take place. Figure 2.14 qualitatively shows a graph of the Damkohler number 
with respect to the depth of the stockpile of coal. 
 
Figure 2-14: Profile of the Damkohler number (Da) in the coal stockpile (from the 
surface (x=0) to the bottom part of the stockpile(x=L)) (Sujanti and Zhang 2000). 
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At the top of the stockpile, due to the high dissipation of heat, convection rate is 
high. Thus, Da is close to zero. As the depth of the stockpile increases, the Damkohler 
number increases. Eventually, oxygen availability decreases to a point where the rate of 
convection and the rate of reaction matches and Da approaches unity (Sujanti and Zhang 
2000). 
As noted earlier, Figure 2.14 is a qualitative illustration, which varies depending on 
the type of coal. For example, if the Hargrove index (HGI) (i.e., high HGI values indicates 
greater friability) is high and the coal is highly friable, more regions fall into the 
intermediate condition, where Da reaches its maximum value. Therefore, friability by 
many is taken as one of the factors to calculate the liability index of coal to the spontaneous 
combustion of coal. 
Acquiring a good understanding of the range and the percentage of particle size 
could reduce the chance of spontaneous combustion. If too much of the coal is fine, 
crushing and compacting coal will make a stockpile of coal oxygen limited. Hence, Da 
decreases toward unity. Unfortunately, there is always a mix distribution of the particle 
sizes, where there are regions in which Da can reach its maximum value. 
2.3.4. Porosity 
The pore structure of coal plays a significant role in coal oxidation. Generally, as 
the porosity of coal increases, surface area increases, thus more sites are available to react 
with oxygen.  
Many researchers have studied the porosity of various types of coal with respect to 
its carbon content using different techniques. A plot of the surface area of coals versus 
carbon content using BET technique is shown in Figure 2.15. 
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Figure 2-15: Variations of N2 and CO2 surface areas of coals in carbon content; N2 is 
denoted by ○, CO2 is denoted by ■ (Walker 1981). 
 
Figure 2.15 illustrates the total surface area of coal measured by gas adsorption for 
coals varying in rank. The surface areas measured by BET CO2 for different coals fall 
within a broad band rather than one line. The maximum surface area is observed for high-
ranking coal, where carbon content is at its highest. As carbon content decreases, the 
surface area flattens out for a range of carbon content and then increases for lower rank 
coal.  The ionic size of N2 is larger than CO2 and thus the surface area determined by N2 
does not include the internal pore areas. The CO2 likely includes the internal pore area. 
As coal rank decreases, the propensity to spontaneously combust increases. 
Consequently, an increase in the surface area as coal rank decreases is expected. But 
ironically, the maximum surface area is detected at high-ranking coal. To explain this 
unexpected trend, a more detailed understanding of coal pore structure is needed. Coal is 
not only quantified by its surface area, but also by its pore volume and pore size 
distribution. 
0
100
200
300
400
62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92
Su
rfa
ce
 A
re
a 
(m
2.
g)
Carbon Content (% df)
26 
 
Pores with respect to their sizes are classified by the International Union of Pure 
and Applied Chemistry (IUPAC) in the following manner (Meyers 2012): 
Macropores:  Above 500 Å 
Mesopores:  20 – 500 Å 
Micropores:  8 – 20 Å 
Submicropores: Below 8 Å 
Coal has an aperture-cavity type of porosity (Walker, Austin et al. 1966). The cavity 
size represents the volume, whereas the aperture size represents the entrance to the pore 
network. Minor decreases in the aperture size will increase the activation energy for the 
diffusion of gases (Karr Jr 1978). As activation energy increases, the rate of oxidation and 
therefore propensity toward spontaneous combustion decreases.  
Figure 2.15 shows the internal surface area of coal obtained via CO2 and N2. CO2 
has a molecular dimension of 3.3 Å, while N2 has a molecular dimension of 3.64 Å. 
Therefore, CO2 can penetrate more pore structures than N2. Figure 2.15 demonstrates the 
coal internal surface area at its maximum for high-ranking coal when it is measured by 
CO2. However, when the internal surface area of coal is measured by N2, the exact opposite 
trend is observed, where coal has more surface area at lower ranking coal than higher-
ranking coal. Coal at a higher rank is more porous, but it mainly consists of micropores, 
whereas a lower rank coal contains mainly mesopores. As noted earlier, pore aperture size 
has a profound effect on coal oxidation. Kaji (Kaji, Hishinuma et al. 1985) discovered that 
pores with radii >100 Å play an important role in the low-temperature oxidation of coal.  
Figure 2.15 shows that CO2 results are more accurate because it diffuses to more 
pores and measures more surface area. However, surface area alone is not the main driving 
force for oxidation.  The structure and entrance aperture size also play a leading role in 
making of active sites available for coal oxidation. Thus, it is not just about quantity; it is 
also about the quality of the pore structure. 
2.3.5. Ambient condition (Temperature) 
The rate of auto-oxidation of coal accelerates with temperature rise. The process is 
initially endothermic where it absorbs oxygen to the surface of coal, then it is followed by 
exothermic reaction where it releases CO, CO2, and H2O along with other oxygen 
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functional group. For coal to undergo spontaneous combustion, there should be a critical 
ambient temperature. Critical ambient temperature can fluctuate when other ambient 
conditions change. 
2.3.6. Ambient condition (Air humidity) 
The humidity of air can stimulate spontaneous combustion of coal by the heat of 
wetting in the preliminary stages. As the temperature rises to about 100°C, the remaining 
moisture absorbs the heat to evaporate and cool the coal surface and deter the heating 
process. Chen and Wake (1994) (Chen and Wake 1994) developed a model to illustrate the 
effect of air humidity on the spontaneous combustion process. 
 
Figure 2-16: The influence of ambient relative humidity, RH, on the critical ambient 
temperature (calculated at several critical ambient temperatures under dry conditions) 
(Chen & Wake, 1994). 
 
According to the above Figure 2-16, the critical ambient temperatures decrease 
significantly as air humidity increases. Moist environment prevents evaporation of coal 
moisture; therefore, no heat will be lost due to the heat of evaporation. Also, the fluctuation 
273
293
313
333
353
373
393
0.0 0.1 0.2 0.3
Cr
iti
ca
l A
m
bi
en
t T
em
pe
ra
tu
re
 (K
)
Ambient Relative Humidity, Rha
303 K
323 K
383 K
393 K
28 
 
in air humidity leads to the combination of physical activities of wetting and evaporation 
where it results in the swell of coal particles and then clear the pores of the coal surface to 
establish a path for penetration of oxygen (Grubb 2008). 
2.4. Experimental techniques 
2.4.1. Classification of the experimental techniques 
Various methods have been developed to study the propensity of coal to 
spontaneously combust. The attempt of all the methodologies is to characterize coal 
oxidation at low temperatures by using different parameters, such as heat evolution, mass 
change, and oxygen consumption.  
The purpose of this study is not only to measure the tendency of coal to self-heat 
through oxidation reactions but to simulate what happens within a stockpile of coal. Major 
thermal techniques are discussed in the following sections. 
2.4.2. Different thermal techniques 
Three experimental techniques (isothermal reactor, adiabatic reactor, and wire-
mesh reactor) will be studied to understand the influence of system conditions involved in 
the different devices. Hence, an improved understanding of the spontaneous combustion 
of coal will be utilized to develop an apparatus. 
2.4.3. Isothermal reactor 
A schematic diagram of an isothermal reactor is shown in Figure 2.17. Fresh coal 
is placed in the isothermal reactor. Using nitrogen gas, the coal is heated to a preselected 
temperature. After reaching the preselected temperature, air is injected into the system. 
Eventually, after a period of time at a certain temperature, thermal runaway occurs. If coal 
fails to reach thermal runaway and instead levels off at the oven temperature, the 
experiment is terminated, and a new experiment at a higher temperature is selected. 
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Figure 2-17: Schematic diagram of the apparatus for isothermal experiments (Sujanti and 
Zhang 2000). 
  
Coal is more prone to spontaneous combustion if the thermal runaway occurs in a 
lower selected temperature and in a shorter period.  
2.4.4. Adiabatic reactor 
A schematic diagram of an adiabatic reactor is illustrated in Figure 2.18. The coal 
is dried by nitrogen gas prior to its placement in the adiabatic reactor. Nitrogen gas passes 
through the coal to raise its temperature to the preselected temperature of the oven. Once 
the desired temperature is reached, the air replaces the nitrogen and oxidation starts. As the 
temperature inside the flask rises, the oven temperature rises accordingly. If thermal 
runaway at a preselected temperature occurs, that temperature is the critical ambient 
temperature. A higher the critical ambient temperature corresponds to a lower propensity 
to spontaneous combustion. 
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Figure 2-18: Schematic diagram of the apparatus for adiabatic experiments (Sujanti and 
Zhang 2000). 
  
2.4.5. Wire Mesh reactor 
A schematic diagram of a wire mesh reactor is illustrated in Figure 2.19. The wire-
mesh reactor is loosely filled by pre-dried coal in a manner that ensures a constant packing 
density. A rigorous air agitation is provided by a built-in fan. In this method, air is not 
supplied to the heart of the coal. Thus, the preselected temperature through trial and error 
procedure results in a higher value. After coal reaches the preselected temperature, air is 
supplied through a fan and oxidation takes place. 
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Figure 2-19: Schematic diagram of the apparatus for wire-mesh reactor experiments 
(Sujanti and Zhang 2000). 
  
Ambient temperature, the necessary time to ignite, and the temperature at which 
the ignition takes place, are the parameters that determine what type of coal is more prone 
to spontaneous combustion. 
2.4.6. Summary 
These techniques are mainly employed to compare the propensity of various coals 
toward spontaneous combustion. The effort of this study is to understand previous 
techniques to build an apparatus that can simulate the field conditions. The next chapter 
presents the new adiabatic heating device in detail. 
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Chapter 3. Experimental Facility 
 
3.1. Introduction 
An adiabatic heating device is a means to understand the coal oxidation at different 
temperature and to explain the different stages of oxidation as temperature rises. A 
fundamental understanding of spontaneous combustion is used to simulate what happens 
in a given stockpile of coal to make an apparatus in laboratory scale size. The time (t)-
Temperature (T) curve of different coals can be studied to determine the propensity of 
diverse types of coal to spontaneous combustion.  
Spontaneous combustion is a result of a set of exothermic chemical reactions at low 
temperatures where free oxygen reacts with carbon within the coal. When the dissipation 
of heat is less than the generated heat, it will lead to localized increases of heat, which 
further increases the rate of oxidation. By making an adiabatic system, we assume 
dissipation of heat is zero. Accumulation of heat raises the oxidation rate and helps 
spontaneous combustion to take place in a shorter period. As particle size decreases the 
surface area increases and, as a result, the active site for chemical reactions increases so 
the tendency to undergo spontaneous heating rises. Hence, pulverized coal is 
recommended.  
As coal dries out, the moisture, which is blocking pores, evaporates so that more 
active sites are available for chemical reaction. Therefore, nitrogen gas is used to dry the 
coal prior to the insertion of oxygen. It should be noted that, for developing an assessment 
device, oxidation of the coal at a low temperature is the main driving force for spontaneous 
combustion of coal. 
3.2. Apparatus Construction  
Coal through mining, transportation, and storage goes through weathering where 
some of its chemical and physical aspects change. Coal with a high moisture content has a 
high susceptibility to spontaneous combustion. As coal dries out due to weathering, surface 
area increases, and therefore the rate of reaction increases. In regions where humidity is 
low, spontaneous combustion is more likely to happen. To simulate the drying phase, coal 
is subjected to air for a period, where warm air picks up more moisture. To accelerate 
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drying time, the air was set to be heated to 105°C. Because air partly consists of oxygen, 
pure nitrogen was used instead of air to prevent coal from pre-oxidation and accelerate 
oxidation in the next stage.  
After the drying stage, coal was cooled down to 40°C using nitrogen at an ambient 
temperature. When coal reached 40°C, the system automatically entered the oxidation 
stage. The oxidation stage was accelerated by inserting more air into the system. However, 
it should be noted that a high air flow rate dissipated the created heat. To overcome 
dissipation of heat and accelerate the oxidation stage, pure oxygen was used to accelerate 
the oxidation process. As such, low flow rated was used which avoided the cooling that 
results from elevated air flow rates. Using oxygen inserted into the system was equal to the 
oxygen of normal air at a flow rate of almost 5 times more since air consists of only 21% 
oxygen. Using this method, oxidation was accelerated while dissipation of heat was 
minimized.  
To keep the system adiabatic, oxygen was passed through a 17 meter copper tube, 
which provide sufficient conductance to match temperature of the thermocouples in the 
flask. The temperature inside the flask rises due to the oxidation of the coal. When the oven 
was turned on and heats up the oxygen to the matching temperature, the system remains 
adiabatic. This process stops when the coal reached 180°C. 
 
Figure 3-1: Photograph of copper tube around the thermos flask  
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3.3. Apparatus Details 
The adiabatic heating device consisted of two parts: the reaction vessel and the 
control unit. A thermos flask was used as the reaction vessel to lower the dissipation of the 
created heat. A pulverized coal sample was then placed in the reaction vessel. 
 
Figure 3-2: Photograph of the reaction vessel 
 
Teflon was cut to fit the top of the flask and held in place by a spring lid. To keep 
the flask airtight, a heat-resistant rubber washer was used inside the cutout part of the 
Teflon. Passing through the Teflon lid were three glass tubes: the gas-in pipe, the purge-
gas pipe, and one pipe for the thermocouples.  
The gas-in pipe was 15 cm long with a 0.3 cm inner diameter. The end of the pipe 
was pointed downward to ease penetration through the coal. The pipe had 3 holes just 
above the end of the pipe. The pipe was initially made from glass because some of the coal 
was susceptible to combustion. This caused quick thermal runaway and melted the glass 
pipe. Hence, the pipe was changed to quartz. Quartz was much harder than glass, and it 
melted at much higher temperatures, but was more fragile. The other pipe was made out of 
35 
 
the glass to purge the gas out of the reaction vessel. This pipe was 5 cm long with an inner 
diameter of 0.3 cm. The last pipe was a 15-cm straight pipe made from the glass to let the 
3 K-type thermocouples pass through the flask. The reaction vessel, along with the copper 
tube, was placed inside a temperature-controlled oven.  
The oven, 8 K-type thermocouples, flowmeter, nitrogen and oxygen gas tanks were 
all connected to the control unit and controlled by an Arduino. The Arduino was an open-
source microcontroller for building digital devices and interactive objects. 
 
 
Figure 3-3: Photograph of the control unit 
 
Arduino was set to sense temperature and accordingly control the oven. The 
Arduino displayed critical data on the LCDs. It also sent data to the SD card reader through 
the Serial Peripheral Interface (SPI) and saved the data on an SD card. Additionally, an 
electrical circuit was designed for the control unit to supply power for the oven, oven relay, 
nitrogen relay, oxygen relay, LCDs, and stage lights.  
Even though the electrical circuit and Arduino were in working condition, the 
system froze on a stage too often and would not move on to the next stage. Later, it was 
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realized that Arduino was picking up interference which was affecting the output. Hence, 
a high-quality power supply was added to the system to prevent Arduino from crashing.  
The oven is connected to the control unit and requires a high current power. 
Therefore, the electrical circuit of the control unit should be designed to pass the electrical 
safety code. Otherwise it is likely to become too hot and catch fire. Figure 3.4 shows the 
schematic of the apparatus. 
 
 
Figure 3-4: Schematic diagram of the adiabatic heating device 
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The algorithm of the procedure can be viewed in Figure 3.5. As it is presented in 
the color-coded flowchart, the control unit ran the program in four stages:  
Stage 1 (Red): coal dries for 15 hours 
Stage 2 (Green): nitrogen cools down the coal to 40°C 
Stage 3 (Blue): oxygen is inserted into the system 
Stage 4 (Brown): coal reaches 180°C, and the system shuts down  
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Figure 3-5: Algorithm of adiabatic heating device 
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3.4. Experimental methods 
To eliminate inconsistency in the test results, as-received coals were well mixed 
and then divided into a number of air-tight plastic bags of 1.50 kg as representative 
samples. Afterward, the sample were placed in a freezer to prevent pre-oxidation. 
Prior to each test, one bag of frozen coal was pulverized and placed in a flask. 
Depending on the specific gravity of the given coal, the flask was typically filled with 900 
– 1000 grams of coal. Nitrogen and oxygen gases were released into the bottom of the flask 
where three thermocouples were located. In other words, even though 1 kg of coal was 
placed in the flask, the study focused on a small portion of the coal for spontaneous 
combustion. This is more representative of what happens in a stockpile of coal, where the 
accumulation of heat is localized in a small area. 
Once coal is placed in the flask with the thermocouples and gas pipes in the 
appropriate locations, the automatic adiabatic heating device was turned on. As the control 
unit turns on, the oven was also initiated as indicated by the displays of a red light. When 
the system reached 105°C, the oven turned off, and nitrogen at a fixed flowrate was 
released into the system and a green light displayed. The nitrogen stayed illuminated as 
long as the temperature was at 105°C or above.  As soon as it goes below 105°C, the oven 
kicked back on.  The nitrogen stopped until the gas-in thermocouple reached 105°C, at 
which point, the cycle repeats. This loop-process continued for a minimum of 15 hours.  
After 15 hours, the oven automatically turned off, and nitrogen injected for about 5 
hours to cool the coal down to 40°C. When the system was 40°C or lower, the coal entered 
the oxidation stage, where the nitrogen goes off, and oxygen injected at 50 cm into the 
flask at which point the control unit displayed a blue light. Such a low flow rate eliminated 
dissipation of the created heat due to the oxidation of the coal but created back pressure. 
Hence, the oxygen was not be injected into the system at a constant rate. Therefore, the 
outcome was inconsistent. To overcome the inconsistency in the flow rate, a Mass Flow 
Controller (MFC) was used for the oxidation stage. This flow meter contained both a fast 
and accurate MFC. The front panel contained the interface, as well as readouts for set-
point, flow rate, and total flow. The flow meter ensured constant insertion of oxygen into 
the system in conjunction with the necessary electronics which formed  a complete closed-
loop control system. 
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Figure 3-6: Photograph of the flowmeter 
 
Oxidation continues, and temperature rises due to the exothermic nature of 
oxidation of the coal. The oven goes on when the gas-in temperature is lower than what 
the thermocouples are reading in the flask. Once the gas-in temperature matches the flask 
temperature, the oven goes off; this loop continues until the flask temperature reaches 
180°C. After reaching 180°C, the entire system shuts down, and the test is completed.  
3.5. Results and Discussion 
In order to make good use of the data obtained from adiabatic heating apparatus, 
repeatability of results should first be reviewed. Repeatability refers to a variation between 
independent results with the same method on the same subject under identical conditions. 
To ensure the reliability of adiabatic heating apparatus, repeatability of results was 
examined by running tests on coal samples from Powder River Basin coal (PRB). 
Powder River Basin coal which is prone to spontaneous combustion, is home to the 
largest coal reserves in the United States and supplies approximately 40 percent of the 
nation’s coal (Nathan Joo, 2014). A sample of freshly mined PRB coal from Wyoming was 
received in air-tight buckets for analysis. A coal sample was pulverized to less than 8 mesh 
to conduct the experiment in the adiabatic heating device. Results are illustrated in Figure 
3.7. 
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Figure 3-7: Temperature histories of Powder River Basin coal with identical coal particle 
size of 8 mesh < in an adiabatic heating device 
 
Coal initially was dried under nitrogen at 105°C for 15 hours at 50 cm. Then it was 
cooled down by nitrogen at 50 cm down to 40°C. At that juncture, oxidation starts by 
oxygen at 50 sccm. As shown in Figure 3.7, all PRB coal samples developed the same 
temperature rise pattern. PRB 1, 2, and 4 reached 180°C about the same time, but it took 
PRB 4 about 50% longer to reach 180°C. To investigate the discrepancy, the apparatus and 
the sample were suspected as the source of inconsistency. The adiabatic heating device has 
a very automatic standard procedure; thus, the focus was shifted to the coal sample. The 
possibility of the different type of coal or from different seam was very slim as a meticulous 
job was done to ensure each bag of coal sample is a representative sample. Looking deeper, 
I noticed when coal is crushed by hammer mill grinder to 8 mesh coal particle size, a wide 
range of particle size is produced. To eliminate the effect of the wide range, a set of 
experiments were done on very fine particle size (100 mesh<). Results confirmed the effect 
of particle size and resulted in identical results. 
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Figure 3-8: Temperature history of Powder River Basin coal with coal particle size of 100 
mesh < in an adiabatic heating device 
 
Once the coal particle size is reduced, more active sites are available for self-
oxidation. Therefore, it took less time for coal to reach 180°C. Comparing Figures 3.7 and 
3.8, where coal particle size is reduced from 8 mesh< to 100 mesh<, one can see that the 
oxidation time is shortened by 10 hours. Therefore, using fine coal particle size, not only 
gives consistency in results, moreover helps in conducting a test in a shorter period.  
Now that the reliability of adiabatic heating apparatus is checked out. Data obtained 
from adiabatic heating apparatus will be analyzed. Figure 3.9 demonstrates the dissected 
temperature history of Powder River Basin coal.  
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Figure 3-9: Temperature history for Power River Basin coal dissected into multiple stages 
of drying and oxidation in adiabatic heating device 
 
Coal goes through the drying phase where moisture is stripped off by nitrogen at 
an elevated temperature. Through this process, the coal gains more surface area and 
consequently becomes more prone to spontaneous combustion. After 15 hours of drying, 
the coal will be cooled to 40°C by nitrogen at ambient temperature. Once the coal reaches 
40°C, it goes to the oxidation phase. 
The oxidation phase is divided into four stages:  
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2. Continued heat gain 
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3. Latent heat plateau 
4. Thermal runaway 
At the R70 stage, temperature rises at a constant rate. Hence Humphreys 
(Humphreys 1979) used the slope of this stage as the self-heating rate index, where it is 
expressed in Celsius/hour.   
Once coal reaches 70°C, it goes to the next stage, where oxidation rate doubles 
every 10°C. James G. Speight (Speight 2014) proposed that below 70°C, massive 
degradation of coal doesn’t take place and the only formation of various oxygen functional 
groups within the coal take place, but as coal reaches 70°C, humic acid is formed and 
thereby massive degradation of coal is observed. Therefore, the surface area of coal 
increases and the rate of oxidation becomes very dependent on the porosity of the coal.  
When coal reaches 100°C, it goes to the latent heat plateau stage, where remaining 
moisture consumes heat to be vaporized. Walker (Karr Jr 1978) has estimated at least 40-
140 cal/g would be consumed in subsequent vaporization of water from the coal during its 
utilization in combustion. It should be noted that a low rate of temperature rise in this stage 
does not resemble the oxidation rate. Because much of the heat released as a result of 
oxidation is consumed to vaporize water, the oxidation rate could be increasing. As 
remaining moisture starts vaporizing, coal starts gaining virgin surface area, a new active 
site that has never been exposed to oxygen. This is when coal goes to the thermal runaway 
stage, where the absence of moisture combined with newly gained surface area results in a 
rapid rise in temperature.  
To shorten the experiment time and still ensure repeatability a set of experiments 
were done with coal from the Powder River Basin area. This time drying time was extended 
to 22 hours, and nitrogen flowrate was raised to 1500 sccm. Results are illustrated in Figure 
3.10. 
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Figure 3-10: Temperature histories of Powder River Basin coal with coal particle size of 
100 mesh < in an adiabatic heating device  
 
Figure 3.10 once again, proves the reliability of adiabatic heating apparatus as all 
results are in very close range. Also, attests that changes to the experimental method reduce 
the experiment time significantly. 
Figure 3.11 compares the Temperature history of Eagle Butte and Rawhide coal: 
lignite and sub-bituminous respectively. Note that the drying stage was expanded from 15 
hours to 22 hours to shorten the latent heat plateau stage in the oxidation phase. 
0
40
80
120
160
200
0 5 10 15 20 25 30 35 40
Te
m
pe
ra
tu
re
 (°
C)
time (hr.)
RH 1
RH 2
RH 3
46 
 
 
Figure 3-11: Temperature history for Eagle Butte and Rawhide coal at oxidation phase in 
adiabatic heating device 
 
Figure 3.11 compares the propensity of two different ranking coals to spontaneous 
combustion. The extent, at which coal goes under latent heat stage is indicative of the role 
of moisture in the occurrence of spontaneous combustion. Either Rawhide coal sample had 
more moisture to start with, or it’s consisted of more tightly bounded moisture. As a result, 
Rawhide underwent a longer latent heat stage.   
3.6. Summary of the apparatus 
An adiabatic heating apparatus was developed by which the spontaneous 
combustion of coal could be studied, to measure the rate of spontaneous heating at different 
temperatures. The adiabatic heating device not only analyzes what type of coal is more 
prone to spontaneous combustion, but it also provides a fundamental understanding of 
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some of the influential factors for coal to undergo spontaneous combustion. Through this 
process, coal was crushed down to a very fine particle size to simulate degradation of coal. 
It was then dried under nitrogen for a period to simulate weathering where coal gains new 
surface areas, formerly it was set for self-oxidation. The adiabatic heating device uses 
oxidation of coal as the main driving force of spontaneous combustion. The time-
temperature heating curve in pure oxygen can be studied in detail as the adiabatic heating 
device reveals the oxidation phase of coal over time. Oxidation phase is divided into four 
stages of R70, heat gain, latent heat plateau, and thermal runaway. The rise of temperature 
affects the physical and chemical composition, affecting the rate at which the temperature 
can rise. The general trend of temperature rise in all types of coal is mostly similar, though 
diverse types of coal have their unique trend. Hence, the adiabatic heating device not only 
quantifies propensity of diverse types of coal to spontaneous combustion, but also it 
discloses more information about the type of coal by analyzing the trend of temperature 
rise. Results obtained from Eagle Butte and Rawhide led to the discovery of the effect of 
porosity of coal in spontaneous combustion, and how it diminishes the effect of moisture 
in slowing down the rate of temperature rise. 
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Chapter 4. Parametric Evaluation and Empirical Modeling 
 
4.1. Introduction 
The laboratory scale model of spontaneous combustion was subjected to a 
parametric evaluation using a bituminous coal source obtained in Indiana. The run of mine 
Gibson, Indiana coal obtained for the purpose of the test work was crushed and screened 
in three size ranges: 6 mm x 1.4 mm, 1.4 mm x 100 mesh and <100 mesh. A representative 
sample of the prepared material was divided into one kg bags and was placed in freezer to 
prevent pre-oxidation. The goal of the test program was to investigate the significance of 
parameters contribute to the occurrence of spontaneous combustion of coal. Operating 
parameters such as moisture content, particle size, and oxygen level were systematically 
varied to identify the important process parameters are providing a significant impact on 
the rate of temperature rise using a 3-level Box-Behnken design experimental program in 
which the central values were considered as well as the interactive effects of the significant 
parameters. The test results were used to develop empirical models describing the 
performance response variables as a function of the operating parameter values and their 
associated interactions. 
4.2. Process description 
Adiabatic heating apparatus employs the combustion principles of coal and give 
rise to spontaneous combustion of coal. Major components of the apparatus include 
reaction vessel and the control unit. Nitrogen and oxygen gases are inserted through a glass 
tube in the coal, placed in the reaction vessel. Coal first dries out by nitrogen and then 
oxidizes by oxygen at a rate sufficient to maximize moisture evaporation and temperature 
rise respectively. Upon introduction of oxygen into coal, carbon within the coal reacts with 
free oxygen and releases heat. Under the effect of adiabatic condition, released heat is 
accumulated, and temperature rises. Upon temperature rise rate of combustion increases, 
therefore temperature rises at a higher rate. As such, temperature rise over time is used as 
an indicator to measure propensity of coal toward spontaneous combustion. 
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4.3. Experimental 
4.3.1. Laboratory Spontaneous combustion apparatus 
The adiabatic heating apparatus used for the project. The required setup was 
completed at University of Kentucky laboratories (Figure 4.1) 
 
    
Figure 4-1: Adiabatic heating apparatus setup. 
 
4.3.2. Laboratory Spontaneous combustion apparatus 
Experiments were conducted based on the Box-Behnken design using the various 
coal combustion parameters such as flow rate of oxygen, dry time, particle size and their 
level as shown in Table 3.1. One kg of crushed coal was determined to create a desirable 
condition for the occurrence of spontaneous combustion of coal and thus was kept constant 
throughout the test program. Nitrogen flow rate for drying phase was set at 2000 sccm to 
give maximum moisture evaporation without causing a disturbance, and it was kept 
constant for all tests except the ultrafine particles where 2000 sccm was causing 
disturbance. Hence, it was set at 1500 sccm. 
 
50 
 
Table 4-1: Coal combustion parameters and their levels used in the test program which 
followed a 3-level Box-Behnken design 
Parameter 
Level 
Low Medium High 
Particle Size Minus 0.15 mm 1.4 mm x 0.15 mm 6 mm - 1.4 mm 
Dry Time (hr.) 3 5.5 8 
Oxygen Flowrate (sccm) 20 30 40 
 
The 3-level Box-Behnken experimental design required a total of 17 tests to be 
conducted. R70 of all tests were calculated and analyzed by using Design Expert software. 
The sensitivity of each parameter was analyzed using method of analysis of variance.  
4.4. Results and discussion 
Box-Behnken statistical design was utilized to evaluate the effect of coal particle 
size, drying time, and oxygen flowrate on propensity of coal to undergo spontaneous 
combustion. Table 3.2 summarizes the parameters values and the values measured for the 
response variable for these tests.  
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Table 4-2: Summary of independent parameters and measured values for the response 
variable.  (-1, 0, and 1 in particle size denote particle size ranges: <0.15 mm, 1.4 mm x 
0.15 mm, and 6 mm - 1.4 mm, respectively)  
Trial 
Order 
Parameters 
Response Variables:  
R70 (°C/hr.) Particle Size 
(coded)       
Dry Time         
(hr.) 
Oxygen Flow rate 
(sccm) 
1 0 8 20 2.23 
2 0 8 40 3.12 
3 1 8 30 1.51 
4 -1 8 30 0.05 
5 -1 3 30 1.38 
6 0 3 40 0.35 
7 1 3 30 0.25 
8 0 3 20 0.66 
9 0 5.5 30 1.09 
10 -1 5.5 20 1.08 
11 1 5.5 20 0.37 
12 0 5.5 30 0.81 
13 1 5.5 40 0.42 
14 0 5.5 30 0.98 
15 -1 5.5 40 0.50 
16 0 5.5 30 1.13 
17 0 5.5 30 1.09 
 
Statistical analysis of the parametric design is necessary for fundamentally 
understanding the effect of parameters on spontaneous combustion of coal. The 
spontaneous combustion results obtained from the statistically designed test program were 
utilized to develop empirical relationships that describe the response variable (R70) as a 
function of the independent parameters (particle size, drying time, and oxygen flowrate). 
Quadratic model was found to be adequate for predicting the response variable as it is 
illustrated in Table 3.3.  
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Table 4-3: Analysis of Variance and p-value (Prob > F) for R70. 
Source Sum of Squares df Mean Square F Value 
p-value 
Prob > F   
Model 9.18 12 0.77 44.54 0.0011 significant 
A-particle size 0.30 1 0.30 17.33 0.0141   
B-Dry Time 4.73 1 4.73 275.03 < 0.0001   
C-Flowrate of 
Oxidation 0.09 1 0.09 4.98 0.0895 
not 
significant 
AB 1.67 1 1.67 97.39 0.0006   
AC 0.02 1 0.02 1.44 0.2960 not significant 
BC 0.36 1 0.36 21.08 0.0101   
A^2 1.36 1 1.36 79.20 0.0009   
B^2 0.51 1 0.51 29.82 0.0055   
C^2 0.20 1 0.20 11.83 0.0263   
A^2B 2.45 1 2.45 142.34 0.0003   
A^2C 0.08 1 0.08 4.77 0.0942 not significant 
AB^2 0.25 1 0.25 14.79 0.0184   
R-Squared 0.9926   Adj R-Squared 0.9703     
 
 
Table 4.3 demonstrates the insignificant parameter and associated parameter 
interactions, given the confidence interval of 95%. To reduce the p-value, backward 
elimination technique for insignificant parameters was applied. Table 3.4 illustrates the 
modified analysis of variance and p-value (Prob > F).  
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Table 4-4: Modified Analysis of Variance and p-value (Prob > F) for R70.  
Source Sum of Squares df Mean Square F Value 
p-value 
Prob > F   
Model 9.08 10 0.91 31.03 0.0002 significant 
A-particle size 0.30 1 0.30 10.18 0.0188   
B-Dry Time 4.73 1 4.73 161.54 < 0.0001   
C-Flowrate of 
Oxidation 0.02 1 0.02 0.55 0.4851 
not 
significant 
AB 1.67 1 1.67 57.20 0.0003   
BC 0.36 1 0.36 12.38 0.0125   
A^2 1.36 1 1.36 46.52 0.0005   
B^2 0.51 1 0.51 17.52 0.0058   
C^2 0.20 1 0.20 6.95 0.0388   
A^2B 2.45 1 2.45 83.60 < 0.0001   
AB^2 0.25 1 0.25 8.68 0.0257   
Residual 0.18 6 0.03     
R-Squared 0.9810   
Adj R-
Squared 0.9494    
 
 
The ability of models to accurately estimate the response variable (R70) was 
measured by the coefficient of determination (R2). The quadratic model was found to 
accurately predict the R70 values as indicated by R2 value at 0.98. 
To account for a model that may contain an excessive number of parameters, the 
adjusted coefficient of determination (Ra2) is introduced. Ra2 is always less than Ra, and 
their relative difference accounts for an excessive number of parameters. For the model 
derived in this study, Ra2 and R2 differ by 0.03.  
According to Table 3.4, based on the p-value for both the individual and interaction 
parameters, oxygen flow rate is the only parameter that is not significant in assessing the 
response value. Comparing Tables 3.3 and 3.4, the p-value for the modified model is 
smaller by almost an order of magnitude. Therefore, a backward elimination technique 
served to give a more accurate empirical model for R70. 
Figure 4.2 illustrates the interactive effect of dry time and particle size on rate of 
temperature rise for oxygen flow rate of 30 sccm. 
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Figure 4-2: Interactive effect of dry time and particle size on R70 for oxygen flow rate of 
30 sccm. 
 
According to Figure 4.2, R70 is at its highest when the particle size is at the med-
size range and dry time is at its maximum. As particle size increases at the maximum dry 
time, R70 decreases. That can be well explained by the decrease of surface area, though on 
the other hand as particle size decreases at the maximum dry time, R70 decreases even 
more dramatically. That can be explained by lack of a minimum moisture content in coal 
to help self-oxidation. As drying time is reducing for ultrafine particle size, R70 increases 
which it confirms the effect of moisture in self-oxidation. In conclusion, there is an 
optimum level of moisture that makes coal more prone to spontaneous combustion of coal. 
Figure 4.3 shows the interactive effect of dry time and oxygen flow rate on the rate 
of temperature rise due to self-oxidation of med-size coal particles. 
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Figure 4-3: Interactive effect of dry time and particle size on R70 for oxygen flow rate of 
30 sccm. 
 
According to Figure 4.3, highest R70 is observed at the highest dry time and highest 
oxygen flow rate. As oxygen flowrate decreases, R70 decreases very modestly, and it 
explains why oxygen flowrate was found to be an insignificant parameter. Dry time has a 
very linear relationship with R70 at any oxygen flow rate. It can be said for a med-size 
range of particles, as dry time increases coal strips off more moisture and hence becomes 
more prone to spontaneous combustion. One also can conclude that coal at this range of 
particle size has enough moisture locked in that passing the optimum moisture to help self-
oxidation is less likely to occur. 
Figure 4.4 demonstrates the interactive effect of dry time and oxygen flow rate on 
R70 for ultrafine coal particles. 
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Figure 4-4: Interactive effect of the flowrate of oxygen and dry time on R70 for coal 
particle (< 100 mesh). 
 
According to Figure 4.4, the highest R70 value is observed at the least dry time and 
the least oxygen flow rate. As it was mentioned earlier, drying ultrafine coal particles, 
deplete coals from moisture that aid coal self-oxidation, thus for this range of particle size 
of an eastern coal, the least dry time gives the highest R70 value.  
Figure 4.5 demonstrates the interactive effect of dry time and oxygen flow rate on 
R70 for coarse coal particles.  
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Figure 4-5: Interactive effect of the flow rate of oxygen and dry time on R70 for coal 
particle (0.25” - 1.4 mm). 
 
According to Figure 4.5, highest R70 is observed at highest drying time and highest 
oxygen flow rate, also the lowest R70 is detected at 5.5 hours drying time and oxygen flow 
rate of 30 sccm. Acknowledging the fact that oxygen flowrate is insignificant, by 
comparing Figure 4.3 and 4.5 to Figure 4.4, one can conclude as particle size increases 
oxygen flowrate not only expedite temperature rise by oxidizing coal, also by drying out 
moisture.  
4.5. Conclusion 
The data during the test program were statistically examined using Design Expert 
software, and the empirical model was found to be statistically significant, describing R70 
as a function of its operating variables. The analysis of variance revealed that except 
oxygen flowrate, particle size and dry time were significant factors. Therefore, the 
backward elimination technique was applied to reduce the p-value and produce a more 
representative empirical model. Even though the oxygen flow rate alone was not a 
significant factor, but the interaction of oxygen and dry time was effective, and hence it 
was kept in the empirical model.  
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This parametric test confirms that oxygen flowrate is insignificant because 
oxidation rate at low temperature is very low, where big supply amount of oxygen is not 
needed, and low amount of oxygen can lead to spontaneous combustion. Oxidation takes 
place at multiple pockets of coal with semi-adiabatic condition within the coal piles, where 
air flowrate is almost static. Also, the various moisture content of coal depending where 
they are in the pile of coal can be found. Thus, adiabatic heating apparatus can very well 
simulate what happens at a stockpile of coal, where, not only propensity of various coal to 
spontaneous combustion can be tested, but also the effective factors and their role in self-
oxidation can be measured. 
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Chapter 5. Scale Modeling of Spontaneous Combustion of Coal 
 
5.1. Introduction 
Auto-oxidation of coal has long been known to pose a genuine problem for coal-
related industries. Self-heating can lead to loss of lives, loss of properties and safety 
concerns for longtime storage and transportation over long distances. To control and 
prevent the occurrence of this phenomenon, understanding the problem at full-scale is vital. 
Full-scale studying is very costly and time-consuming. Various methods have been utilized 
in the laboratory to measure the relative propensity of coal to spontaneous combustion. 
Condition at the laboratory and the field are not the same. Hence results are relative and 
cannot describe the problem in the field. Multiple mathematical models have been 
introduced to explain self-heating, but because many assumptions were made, results were 
not accurate. In this paper scaling law, approach is utilized to correlate data obtained from 
lab to data of a stockpile of coal. If correlation holds true, then it can be used as a mean to 
describe the full model. 
5.2. Process description 
In a stockpile of coal, temperature rises through exothermic chemical reaction 
followed by the heat of conduction and convection, where it can lead to a fire.  The 
energetic conversion slowly produces warm gases which rise due to buoyancy. Buoyancy 
force plays an important role to spread the fire. A study was done by Krishnaswamy (Figure 
5.1) illustrates the effect of stockpile slopes on the maximum temperature rise as a function 
of time. 
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Figure 5-1: Influence of side slope (θ) on calculated (Tmax-Ta)/Tmax as a function of 
time (τ) for uw (wind velocity) =4.46 ms-1; εb (bed porosity) = 0.1 (Krishnaswamy, 
Agarwal et al. 1996). 
 
Warm gases play the role of the heat of convection, as warm gases heat the coal, 
the rate of exothermic chemical reaction increases and lead to more heat of conduction and 
convection. Figure 5.1 shows, as slope becomes steep, created heat cannot escape quickly 
and remain within the stock pile of coal. Therefore, temperature rise happens in a shorter 
period. 
Figure 5.2 illustrates a schematic of the mechanism of air diffusion to the center of 
the fire. Heated gases rise due to buoyancy and give fire flame a cylindrical shape, thus 
creates a quenching region. 
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Figure 5-2: Schematics of two different mechanisms of air entrainment into a turbulent 
diffusion flame: (1) a mechanism associated with turbulent mixing which can penetrate 
the flame sheet and carry air into the flame interior (mechanism A) and (2) a mechanism 
associated with diffusion of air through the quenching zone (mechanism B) 
(Krishnaswany et al., 1996). 
 
According to Figure 5.2, at quenching region, oxygen is supplied by diffusion of 
air through the quenching zone (mechanism B). This is the same phenomenon in the center 
of stockpile of coal where flowrate of air is almost zero, and air supply to self-oxidation of 
coal is controlled by demand, if more oxidation takes place, more gas will be heated, and 
rise, hence more air will be vacuumed in, therefore flowrate of air in a stockpile of coal is 
buoyancy driven. 
The phenomenon of fire is complex let alone spontaneous combustion. In the 
spontaneous combustion of coal, the heat created through an exothermic chemical reaction 
of coal with oxygen will not be lost, it either passes as the heat of conduction to surrounding 
coal or rises via heat of convection to coal above. All these coals undergo the same 
exothermic chemical reaction; therefore, the added heat increases the rate of oxidation. Fire 
starts when enough heat is available to overcome the activation energy needed for the 
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chemical reaction. The cycle of fire continues if the minimum heat for activation energy 
comes back to the system. For running fire less cycle of combustion can be assumed. In a 
running fire as fuel burns out, some of the created heat is consumed by new fuel to start a 
new cycle of fire, and some are lost to the surrounding. In the case of coal self-oxidation 
at low temperature, the fuel doesn’t completely burn out, and the heat is not lost, thus as 
time passes the number of the circle of combustion increases and rate of temperature-rise 
increases. In another word in one hotspot of a stockpile of coal, there is multiple interrelated 
circles of combustions.   
5.3. Different modeling schemes 
Several mathematical models have introduced to study spontaneous combustion of 
a stockpile of coal. Even though many good models have generated over the years, an 
accurate model which could be used to match the field data has not yet achieved. Lack of 
full understanding of coal combustion, chemical and physical processes, such as chemical 
reaction, heat transfer, moisture effects, particle size, etc., pose major difficulties associated 
with mathematical models. The absence of knowledge push scientist to use assumptions, 
some which caused inaccuracies in the model applications.  
A comparison of mathematical models of previous researchers by Sujanti (Sujanti 
& Zhang, 2000) is presented in Table 5.1.  
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Table 5-1: Modified Analysis of Variance and p-value (Prob > F) for R70.  
Ref.  
Spatial 
dimensio
n 
Steady-
state or 
Transien
t 
Oxygen 
consumptio
n 
Convectio
n 
Coal 
Moistur
e 
Solution 
Method Comments 
Nordon 
(1979) 
1 Transient Elovich 
Equation  
Forced & 
Natural 
- Finite 
Difference • The model took into 
account of the 
coupled transport and 
reaction rate in coal 
stockpiles                                                          
• The calculation 
using diffusion as the 
only oxygen 
transport mechanism, 
resulted a maximum 
temperature rise of 
87°C, which was 
much smaller than 
that observed in 
practice. Therefore, 
the convection, 
which supplied 
oxygen, was pointed 
out as a predominant 
mechanism to cause 
the spontaneous 
combustion. 
Schmal 
et al. 
(1985) 
1 Transient Arrhenius 
Equation 
Forced & 
Natural 
√ Gear 
program • The model was 
developed for both 
dry and wet coals                                                   
• The presence of in-
situ moisture within a 
stockpile only 
delayed the onset of 
thermal runaway, and 
thus did not 
significantly affect 
the safety of a long-
term storage or 
stockpile. 
Brooks 
and 
Glasser 
(1986) 
1 Steady-
state 
Arrhenius 
Equation 
Natural - analytical  • The model 
illustrated the coal 
pile as a "chimney", a 
vertical packed bed 
with a plug flow 
velocity field, and 
temperature, oxygen 
concentration, and 
pressure were 
considered as 
functions of bed 
distance.                                                 
• The coal pile was 
safe when the coal 
particles were either 
small or large. 
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Brooks 
et al. 
(1988) 
1 Steady-
state 
Arrhenius 
Equation 
Natural √ Finite 
Difference 
• The model studies 
the multiplicity of the 
1-D model derived 
previously (Brooks 
and Glasser 1986) 
using bifurcation 
analysis.                              
• There was not 
ignition solutions 
exists for sufficiently 
high convection 
which caused a high 
heat loss from the 
stockpiles. 
Salinge
r et al. 
(1994) 
2 Steady-
state 
Arrhenius 
Equation 
Natural √ Galerkin 
Finite 
Element 
• The model 
represented reaction 
and transport within a 
stockpile and 
transport and flow to 
the surrounding.                                            
• A better 
understanding of the 
roles of various 
transport mechanisms 
on ignition behaviors 
and nonlinear 
coupling between the 
transport mechanisms 
were provided in the 
model solutions.  
Krishna
-wamy 
et al. 
(1996a) 
2 Transient Arrhenius 
Equation 
Forced & 
Natural 
- Finite 
Difference 
• Slope of the side of 
a stockpile, wind 
velocity, and bed 
porosity, exerted the 
strongest influence 
on the safety aspect 
of an open coal 
stockpile.                                                  
• A steep slope of the 
stockpile side 
enhanced the 
propensity of 
spontaneous 
combustion  
 
The scale modeling technique is an attempt to predict the behavior of full-scale tests 
by using the results obtained from laboratory scale tests. In the use of scale modeling, the 
number of assumption is reduced, and many influential factors are incorporated in the scale 
modeling laws.  
The use of scale models can be done only if information relevant to the chemical 
and physical process of the full-scale can be obtained. These processes are well understood 
via equations that contain various parameters. The determination of the scaling laws 
requires an understanding of the importance of each of these parameters. In certain 
conditions, a strong parameter might become irrelevant. Comprehending important 
parameters help to predict the desired outcome with a rational degree of accuracy. For this 
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experiment, chemical reaction scaling was ignored as the chemical reaction of coal at field 
and lab is assumed to be the same. 
5.4. Scaling laws 
There are three ways to approach scale modeling: equation approach, parameter 
approach, and law approach. Equation approach requires a deep understanding of the 
phenomenon to develop the governing equations. Having the governing equations 
established, scale modeling becomes irrelevant as these equations can be used for 
numerical simulation. Parameter approach is parameter dependent, hence if an important 
parameter is omitted or if an unimportant parameter is added, the system cannot correct 
itself. Due to difficulty and weakness of these two approaches, law approach becomes 
favorable. Law approach rest on governing mechanism, thus help researchers to reach 
better assumptions. In law approach, physical laws are described in terms of force and 
energy (Saito, Ito, Nakamura, & Kuw An A, 2015). In this paper related physical laws will 
be studied to produce the right pi number.  
Law approach is the fruit of solid understanding of the important parameters and 
making sound assumptions. If scaling laws are correct, it describes the full scale. Hence 
the prototype model may be used to understand the full-scale model; otherwise, the 
parameter or assumption made to derive the scaling laws should be reconsidered.  
To build the prototype, some assumptions were made. One of the assumptions can 
be well explained by Semenov theory of spontaneous ignition where it argues the ignition 
phenomena as a balance of heat generation vs. heat loss: 
 𝑄𝑄𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑎𝑎𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑙𝑙𝑒𝑒𝑎𝑎𝑒𝑒𝑔𝑔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑄𝑄𝑙𝑙𝑎𝑎𝑙𝑙𝑙𝑙     
Figure 5.3 demonstrates ignition criteria with respect to three cooling rates. As heat 
of generation (𝑄𝑄𝑔𝑔) overcome the heat of loss (𝑄𝑄𝑙𝑙) temperature rises and overtime it reaches 
the critical temperature where it leads to ignition temperature and in a hundredth of a 
second fuel catches fire. 
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Figure 5-3: Semenov ignition criteria. 
 
Figure 5.3 shows one curve (Qg) for the heat production rate versus three 
representative curves for the cooling rate: Ql = h1, h2, and h3. Curve h1 interacts with the 
heat production curve at point Ta and Tb. Ta is a stable point because any disturbance in 
heat brings back the system into point Ta. On the other hand, point Tb is an unstable point, 
because any changes in temperature can take the system to point Ta or lead to the thermal 
run away.  Curve h2 is tangent to heat production curve at point Tc. Tc is unstable as well. 
The decrease in temperature will bring back the system to point Tc and increase in 
temperature will lead to thermal runaway. Curve h3 has no intersection with heat 
production curve. In such system, thermal runaway is unavoidable.  
In a stockpile of coal, there are spots and pockets where 𝑄𝑄𝑙𝑙 is negligible, where the 
system can be well explained by line h3 in Figure 5.3.  Thus, the prototype was built in an 
oven to compensate for the heat loss. Sources of heat in a stockpile of a coal and the 
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prototype are as follow: heat of generation, heat of conduction, heat of convection and heat 
of accumulation. If Arrhenius type chemical reaction is assumed, heat of generation is:  
 𝑄𝑄𝑔𝑔 = 𝑉𝑉∆𝐻𝐻𝐻𝐻 = 𝑉𝑉∆𝐻𝐻(𝐴𝐴𝐶𝐶𝐴𝐴𝑟𝑟𝑒𝑒− 𝐸𝐸𝑅𝑅𝑅𝑅)       (1)  
Coal at stockpile is combusted by air but in the prototype pure oxygen is used. 
Therefore, the pre-exponential factor (A) of pure oxygen is about 5 times more than air. 
Consequently, the correction factor for the use of pure oxygen is deliberated in the heat of 
generation: 
𝐴𝐴𝑠𝑠(𝑝𝑝𝑟𝑟𝑟𝑟−𝑟𝑟𝑒𝑒𝑝𝑝𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑙𝑙 𝑜𝑜𝑟𝑟𝑟𝑟𝑑𝑑𝑜𝑜𝑟𝑟)𝑄𝑄𝑔𝑔(𝑠𝑠𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠𝑝𝑝𝑟𝑟𝑙𝑙𝑟𝑟) = 𝐴𝐴𝑝𝑝(𝑝𝑝𝑟𝑟𝑟𝑟−𝑟𝑟𝑒𝑒𝑝𝑝𝑜𝑜𝑟𝑟𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟𝑙𝑙 𝑜𝑜𝑟𝑟𝑟𝑟𝑑𝑑𝑜𝑜𝑟𝑟)𝑄𝑄𝑔𝑔(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟) (2) 5𝐴𝐴𝑠𝑠 = 𝐴𝐴𝑝𝑝          (3) 5𝑄𝑄𝑔𝑔(𝑠𝑠𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠𝑝𝑝𝑟𝑟𝑙𝑙𝑟𝑟) = 𝑄𝑄𝑔𝑔(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟)      (4) 
The heat created by chemical reaction gives rise to the heat of accumulation: 
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜌𝜌𝐶𝐶𝑉𝑉(𝑑𝑑𝑅𝑅𝑑𝑑𝑑𝑑) = 𝜌𝜌𝐶𝐶𝑙𝑙3∆𝑇𝑇        (5) 
In the prototype model, oven matches the temperature of oxygen entering the 
system to reaction zone temperature to compensate for heat loss. Unlike the prototype, cool 
air replaces the heated gas. Air consist of 78% nitrogen gas that doesn’t react with coal and 
only gets heated in the reaction zone and then leaves the reaction zone. With that 
introduction, we can assume that heat of accumulation in the prototype should be higher 
than the stockpile of coal.  
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟(𝑠𝑠𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠𝑝𝑝𝑟𝑟𝑙𝑙𝑟𝑟) = 𝑄𝑄𝑔𝑔(𝑠𝑠𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠𝑝𝑝𝑟𝑟𝑙𝑙𝑟𝑟) − 𝑄𝑄𝑙𝑙(ℎ𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 𝑔𝑔𝑟𝑟𝑠𝑠)    (6) 
𝑄𝑄𝑙𝑙(ℎ𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑑𝑑 𝑔𝑔𝑟𝑟𝑠𝑠) = 𝑄𝑄𝑟𝑟(𝑟𝑟𝑜𝑜𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑑𝑑𝑟𝑟𝑜𝑜𝑟𝑟) = ℎ𝑟𝑟𝑙𝑙2∆𝑇𝑇      (7) 
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟) = 𝑄𝑄𝑔𝑔(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟) − 𝑄𝑄𝑙𝑙(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟)   (𝑄𝑄𝑙𝑙(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟) = 0) (8) 
Therefore, the correction factor for the heat of accumulation should be considered:  
𝜑𝜑𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟(𝑠𝑠𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠𝑝𝑝𝑟𝑟𝑙𝑙𝑟𝑟) = 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟) (𝜑𝜑 > 1)  (𝜑𝜑 ∝  𝑄𝑄𝑟𝑟)      (9) 
The heat of conduction is another source of heat: 
𝑄𝑄𝑠𝑠(𝑟𝑟𝑜𝑜𝑟𝑟𝑑𝑑𝑐𝑐𝑟𝑟𝑑𝑑𝑟𝑟𝑜𝑜𝑟𝑟) = 𝐾𝐾𝑙𝑙2 ∆𝑅𝑅𝑙𝑙 𝑎𝑎       (10) 
The particle size of coal in the prototype is fine, thus making the reaction zone 
porous. This factor should be considered, and a correction factor must be assigned: 
𝜀𝜀𝑄𝑄𝑠𝑠(𝑠𝑠𝑑𝑑𝑜𝑜𝑟𝑟𝑠𝑠𝑝𝑝𝑟𝑟𝑙𝑙𝑟𝑟) = 𝑄𝑄𝑠𝑠(𝑝𝑝𝑟𝑟𝑜𝑜𝑑𝑑𝑜𝑜𝑑𝑑𝑝𝑝𝑝𝑝𝑟𝑟)  (𝜀𝜀) (Correction factor for porosity)  (11) 
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To derive the scaling laws, correction factors are ignored at this stage and data from 
the full scale, and the prototype will be compared in the simplified model. If the simplified 
model is correct, then the correction factors become insignificant and can be ignored. 
Increase in surface area, surge heat of conduction and ultimately give rise to 
accumulation of heat. Therefore, the main sources of heat are: heat of accumulation 𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 
and heat of conduction 𝑄𝑄𝑠𝑠 as defined in equations 5 and 10 respectively. 
The governing pi-number the Fourier number, the ratio of heat of accumulation 
over the heat of conduction: 
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎
′
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎
= 𝑄𝑄𝑘𝑘′
𝑄𝑄𝑘𝑘
         (12) 
Then,   
𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎
′
𝑄𝑄𝑘𝑘
′ = 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑄𝑄𝑘𝑘           (13)  
Therefore, 
𝜋𝜋𝑟𝑟
′ = 𝜋𝜋𝑟𝑟         (14) 
𝑟𝑟′𝜌𝜌′𝑙𝑙3∆𝑅𝑅′
𝑠𝑠′𝑙𝑙′∆𝑅𝑅′𝑑𝑑′
= 𝑟𝑟𝜌𝜌𝑙𝑙3∆𝑅𝑅
𝑠𝑠𝑙𝑙∆𝑅𝑅𝑑𝑑
        (15) 
Where, 
𝑟𝑟′𝜌𝜌′
𝑠𝑠′
= 𝑟𝑟𝜌𝜌
𝑠𝑠
         (16) 
Then,  
𝑑𝑑′
𝑑𝑑
= �𝑙𝑙′
𝑙𝑙
�
2
         (17) 
𝑙𝑙2
𝑜𝑜𝑟𝑟𝑟𝑟 𝑔𝑔𝑟𝑟𝑟𝑟𝑔𝑔 𝑜𝑜𝑜𝑜 𝑟𝑟𝑜𝑜𝑟𝑟𝑙𝑙 = 1𝑆𝑆𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠 𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎
𝑜𝑜𝑟𝑟𝑟𝑟 𝑔𝑔𝑟𝑟𝑟𝑟𝑔𝑔 𝑜𝑜𝑜𝑜 𝑟𝑟𝑜𝑜𝑟𝑟𝑙𝑙�     (18) 
Then, 
𝑎𝑎′
𝑎𝑎
= 𝑆𝑆𝐴𝐴
𝑆𝑆𝐴𝐴′
 
5.5. Validation of the scaling laws 
A prototype helps to scale spontaneous combustion of coal by increasing surface 
area to combust coal in a shorter period. Data used in this paper are extracted from Dr. 
Beamish work (Beamish, McLellan, Turunc, Raab, & Beamish, 2012). He used a sample 
of <212 μm crushed coal for the R70 procedure. Assuming spherical shape for coal with 
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an average particle size of 100 μm and specific gravity of 1.3, the surface area of crushed 
coal in weight is calculated in the following Table. 
 
Table 5-2: Surface area of lab sample 
Sample at Laboratory 
particle size (mean 
diameter) (cm) 
Surface Area 
(cm2) 
Particle Volume 
(cm3) Wt. (gr) 
Surface Area 
(cm2/gram) 
0.01 0.000314 3.93E-06 5.103E-06 61.54 
 
To estimate the surface area of coal at the stockpile of coal, a typical graph of size 
distribution is used (Figure 5.4). When coal is too fine, then coal is very compacted, and 
circulation of air is almost zero. Therefore, this range of particle size does not give rise to 
spontaneous combustion and cannot be used to measure surface area. When coal is too 
coarse, less surface area is present, consequently less reactive sites are available. Also, 
circulation of air is high enough to hinder accumulation of heat, thus this range of particle 
size also will not be good to measure surface area.  
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Figure 5-4: Typical size distribution of a stockpile of coal 
 
Spontaneous combustion in a stockpile of coal usually happen at the mid-size range 
where enough reactive sites and air are available, yet air circulation is not at the level to 
hamper accumulation of heat. Hence aperture size that passes 50% of coal is selected as 
the mean diameter for the particle size. Surface area calculated for full scale is in the 
following Table. 
 
 Table 5-3: Surface area of stockpile sample 
Sample at Full Scale 
particle size (mean 
diameter) (cm) 
Surface Area 
(cm2) 
Particle Volume 
(cm3) Wt. (gr) 
Surface Area 
(cm2/gram) 
0.16 0.080384 0.016077 0.0208998 3.85 
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In this study, three diverse types of coal were used. Details of the samples used in 
this study are illustrated in Table 5.4. 
 
Table 5-4: Coal samples  
Sample Country of Origin ASTM Rank  Moisture Content (%) 
Kideco Indonesia subC 24 
Power River Basin USA subB 24.3 
Spring Creek New Zealand hvBb 11.7 
 
Average minimal hours for thermal runaway of the full-scale model and the 
prototype model from a different type of coal are presented in Table 5.5. 
 
Table 5-5: Time needed for thermal runaway  
Sample Full-Scale Model (hr.) Prototype Model (hr.) 
Kideco 300 18.5 
Power River Basin 396 26 
Spring Creek 1200 78 
 
Given the surface area and the minimal time for thermal runaway of the full-scale 
and the prototype, ratio of time to surface area  �𝑑𝑑
′
𝑑𝑑
= 𝑆𝑆𝐴𝐴
𝑆𝑆𝐴𝐴′
� produced from Fourier number 
can be applied. Results are presented in Table 5.6. 
 
Table 5-6: Results of scaling laws  
Sample Full-Scale Model Prototype Model % Difference 
Kideco 1153.8 1138.5 1.4 
Power River Basin 1523.1 1600.0 4.8 
Spring Creek 4615.4 4800.0 3.8 
 
The percent difference of full-scale and prototype is less than 5% which is 
insignificant enough to apply any correction factor. At first glance stockpile of coal doesn’t 
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look too ideal for the occurrence of spontaneous combustion of coal, for example instead 
of pure oxygen coal is oxidized by air, also heated air due to oxidation is replaced by cold 
air, unlike the lab condition. Such conditions led many to conclude why spontaneous 
combustion take much longer to take place in the field than in the prototype. Thus, the need 
of correction factors was assumed to count for the ideal condition, as combustion in the lab 
was perceived to have the ideal conditions for spontaneous combustion.  
Experimental studies have proved that despite the lack of laboratory ideal 
conditions at the field, simple scaling law is sufficient to describe the full-scale model. To 
explain this discrepancy, it worth to note that the stockpile of coal is not too unideal and 
also the lab condition is not too ideal, in another word if lab condition is ideal in some 
regards but it fails in other aspects, and it is vice versa for full-scale. Interestingly enough 
they counter and balance each other. Therefore, a simple scaling law is sufficient, and use 
of correction factor is unnecessary.  
For a stockpile of coal to undergo spontaneous combustion, the whole stockpile is 
not required to have the right condition. In fact, spontaneous combustion takes place at 
pockets of a stockpile of coal where coal particle size is fine enough to give rise to enough 
reaction site yet not too fine to prevent air circulation. In a stockpile of coal air is suspended 
and doesn’t flow unless the difference in temperature due to oxidation occurs. Therefore, 
airflow to the reaction zone is controlled by reaction rate, unlike the lab condition where 
airflow is constant and can have damping effect as it depletes the reaction zone from 
oxygen functional group. Even though lab condition is more ideal, but such an ideal 
condition is built for a very small reaction zone. At the stockpile, the reaction zone is much 
bigger, and within the reaction zone many smaller reaction zones are embedded and 
interrelated where it helps to ramp up the rate of temperature rise.  
Understanding coal oxidation at the lab and how it differs from field helps to 
describe how these factors and process counter each other in temperature rise. Therefore, 
correction factor will not be calculated as the simple scaling law is satisfactory to describe 
the full-scale.  
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5.6. Conclusion 
Studying the phenomena of spontaneous combustion at full-scale at mine or utility 
sites is a costly and a time-consuming process. To study the occurrence of self-oxidation 
at laboratory scale, a prototype was built to analyze the problem at low cost and in a shorter 
period. To understand data obtained from the prototype, the art of scale modeling was 
utilized, scaling laws were derived, and the full-scale was scaled up by the factor of 16. 
The heat of conduction and heat of accumulation were used to derive the pi number and 
validate the scaling law. The variation between the models for three diverse types of coal 
was found to be minimal, and the average percent difference was 3.3%. Furthermore, the 
results of scaling law show that the correction factors are not needed as influential factors 
for spontaneous combustion in prototype and the full-scale are different, yet they balance 
each other.  
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Chapter 6. Commercial Coal Chemical Treatment Evaluation 
 
6.1. Introduction 
Spontaneous combustion continues to pose a significant danger for coal-related 
industries. There have been a number of studies to determine the best method of preventing 
the spontaneous combustion of coal (Chamberlain 1974, Evseev 1985, Smith, Miron et al. 
1988). Compaction of coal piles is recommended by many, and it is practiced in many coal-
related industries. Compaction of coal piles reduces the number of reaction zones for 
spontaneous combustion, but it doesn’t lower the propensity of coal toward spontaneous 
combustion. Also, spontaneous combustion of coal can occur at mines, trains, barges, silos, 
etc. thus compaction of coal should happen at every stage of transportation. The difficulty 
of such method interested scientist to use chemical treatment as an alternative to prevent 
spontaneous combustion. Smith et al. (Smith, Miron et al. 1988) evaluated ten additives to 
suppress the self-heating process and revealed the effect of the additives by determining 
the critical ambient temperature, above which the thermal runaway occurs.  
The Current work is aimed to develop a chemical, based on the knowledge of 
important parameters leading to spontaneous combustion and the understanding of 
different coal stages. The index parameter used to quantify the effectiveness of chemical is 
R70 and latent heat index. Where the effect of chemical is presented in the time unit. 
6.2. Adiabatic oven testing 
6.2.1. Coal samples 
Samples used in this study were received from Eagle Butte mine from Wyoming in 
the United States. Details are contained in Table 6.1 (Williamson 1994).  
Table 6-1: Coal quality data for Eagle Butte coal 
Sample Moisture % Ash % Volatile Matter % Sulfur % HHV (Btu/lb) 
ASTM 
Rank 
Eagle Butte 23.09 6.38 45.67 0.47 11,516 subB 
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6.2.2. Self-heating test procedures 
Adiabatic heating apparatus was used to estimate the propensity of coal to 
spontaneous combustion. Procedure consists of placing 900-gram sample of <100 mesh 
coal in the flask and passing nitrogen at 1500 sccm for 22 hours at 105°C. After 22 hours, 
nitrogen keeps passing to cools the coal down to 40°C, at which Oxygen start passing at 
50 sccm. Control unit records temperature rise due to auto-oxidation. The rate of 
temperature rises up to 70°C is taken as R70, an index to reflect the propensity of coal to 
self-oxidation at a lower temperature. The rate of temperature rises within (100-130) is 
taken as latent heat index.  
6.2.3. Inhibiting agents 
Treatment rates for Powder River Basin coal for spontaneous combustion are in the 
range of 45-225 gram/ton (Beamish, McLellan et al. 2012). Dosage requirements for coal 
treatment are proportional to surface area. Thus, treatment rate was increased at the 
laboratory to compensate for the surface area increase of the crushed coal. 
6.2.4. Development of inhibiting agents 
Understanding the phenomenon of auto-oxidation of coal is helpful to develop a 
right chemical to prevent or delay this phenomenon. Carbon within the chemical structure 
of coal reacts with oxygen and generates heat. As surface area increase, more reaction sites 
become available to react with oxygen, hence the rate of temperature rise increases. Despite 
the fact that scientists has different theories on the role of moisture in spontaneous 
combustion of coal, but all agree that existence of high-level moisture in coal, delay 
spontaneous combustion. Given the information above, an ideal chemical could be 
described as a chemical to slow down the reaction rate of carbon with oxygen, bind the fine 
coal particles and keep the moisture level high. Therefore, anti-oxidant, Binder and 
Humectant chemical were developed.  
6.3. Results and discussion 
6.3.1. Coal reactivity  
Adiabatic heating apparatus produce a descriptive graph (Figure 6.1), where 
distinct stages of self-oxidation of coal will be illustrated with more depth.  
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Figure 6-1: Time-Temperature curve of Power River Basin coal 
According to (Figure 6.1), before coal reaches thermal runaway, it goes through 
R70 stage where it gains momentum, later it goes through latent heat stage where it loses 
momentum for combustion. To delay the occurrence of spontaneous combustion of coal, 
R70 value should be decreased and the time of latent heat stage needs to be extended. 
6.3.2. Effectiveness of inhibitor agents 
The effectiveness of inhibitor agent could be analyzed via the R70 index and latent 
heat index. R70 index calculates the temperature rise over time up to 70°C. Latent heat 
index measures the temperature rise over needed time for remaining moisture within the 
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coal to be evaporated before coal takes off for the thermal runaway. The latent heat index 
is calculated for the temperature span of (100°C-160 °C). 
Two sets of tests were conducted: untreated coal and a coal treated by water. 
Running a test on coal treated by water is essential to rule out the effect of moisture within 
other chemicals. (Figure 6.2) 
 
Figure 6-2: Adiabatic heating results for Untreated Eagle Butte coal compared with 
Water Placebo treated coal 
As it is illustrated in Figure 6.2, water alone delays the occurrence of spontaneous 
combustion through reducing R70 by 41.34% to 25.85 °C/h. Also, it extends the latent heat 
period by 85.93% to 7.10 °C/h. Results from water treatment are quite impressive, but 
water cannot be a suitable candidate to treat coal because applied water considers surface 
moisture and can quickly evaporate. Moreover, the option to use too much water to count 
for the evaporation is not acceptable as it reduces Btu. Chemicals for this study are carefully 
selected to ensure no Btu loss. 
To delay spontaneous combustion, a set of the chemical was applied to lower the 
R70 value (Figure 6.3). 
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Figure 6-3: Adiabatic heating results for chemical used to lower the R70 
 
Figure 6.3 compares the development of self-heating rate of R70 for the coal sample 
treated by different chemicals. Anti-Oxidant is a chemical used in other chemical reactions 
to slow down the oxidation, however when coal was treated by anti-oxidant not only it did 
not slow down the oxidation but accelerated it. Other chemicals (Binder 1, 2, and 3) 
produced a lower R70 value compared to water placebo. The common theme of Binder 1, 
2, and 3 was the fact that they cohere fine particles to reduce active sites for oxidation, 
hence slow development of self-heating, prolong the R70 stage. The lengthy R70 stage 
gives enough time for moisture to evaporate. As such, latent heat stage reduces 
significantly, and the coal samples can go straight to thermal runaway stage. Therefore, not 
only the chemical used should prolong the R70 stage, but it also must keep the moisture 
intact to prolong the latent heat stage. Figure 6.4 is the results of two chemicals used to 
reduce the latent heat index. 
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Figure 6-4: Adiabatic heating results for chemical used to lower the latent heat index 
 
According to Figure 6.4, Humectant 2 gives the same exact R70 value as water 
placebo. However, Humectant 2 succeeds water placebo by doubling the latent heat stage 
period. In fact, comparing results from Figure 6.3 and 6.4, Humectant 2 is the most 
effective chemical used in delaying coal to get to thermal runaway stage. Bear in mind that 
thermal runaway takes place around 130°C. The goal is to prevent self-oxidation in initial 
stages. Once coal reaches 70°C, coal particles start disintegrating, and oxidation rate 
doubles every 10°C. At this temperature, spontaneous combustion is almost unavoidable. 
Thus, reducing R70 value set to be the priority.  
To protract the R70 stage and latent heat stage at the same time, the best two 
chemicals from results obtained earlier were selected. 
 
Table 6-2: Comparison of latent heat index °C/h for untreated coal and treated coal   
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Latent Heat Index 
Untreated  Humectant 2 
Binder 
2 
Humectant 
1 
Anti-
Oxidant 
Binder 
1 
Binder 
3 
Water 
Placebo 
50.46 4.24 27.58 9.99 49.16 79.13 16.28 7.10 
 
 Table 6-3: Comparison of R70 index °C/h for untreated coal and treated coal 
R70 Index 
Untreated  Humectant 2 
Binder 
2 
Humectant 
1 
Anti-
Oxidant 
Binder 
1 
Binder 
3 
Water 
Placebo 
44.07 25.89 5.71 39.14 61.18 17.00 21.70 25.85 
 
In Table 6.2 and 6.3 Latent heat index and R70 index are presented respectively. A 
chemical that gives rise to the lowest index is the most effective chemical. Humectant 2 
has the lowest latent heat index of 4.24 °C/h while Binder 2 has the lowest R70 value of 
5.71 °C/h.  
As Humectant 2 and Binder 2 have the lowest latent heat index and R70 value 
respectively, the two chemicals were mixed to produce even a more effective chemical 
(Figure 6.5). 
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Figure 6-5: Adiabatic heating results for Untreated Eagle Butte coal compared with 
treated coal 
 
According to Figure 6.5 mixture of the two chemicals with a different role, resulted 
in a new chemical where both R70 value and latent heat were reduced. Numerical data of 
Figure 6.5 are listed in the following Tables: 
 
Table 6-4: Comparison of latent heat index °C/h for untreated coal and treated coal 
Latent Heat Index 
Untreated  Humectant 2 Binder 2 Humectant 2 + Binder 2 Water Placebo 
50.46 4.24 27.58 11.06 7.10 
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Table 6-5: Comparison of R70 index °C/h for untreated coal and treated coal 
R70 Index 
Untreated  Humectant 2 Binder 2 Humectant 2 + Binder 2 
Water 
Placebo 
44.07 25.89 5.71 5.04 25.85 
 
The new chemical (Humectant 2 + Binder 2) does very well in dropping oxidation 
rate in early stage and give the lowest R70 value of 5.04°C/h. but it doesn’t have the same 
significant effect on the latent heat index. However, comparing results to untreated and 
water placebo the chemical is still more effective. It is good to note that reducing R70 value 
is more important than latent heat index, because once coal overcomes the R70 stage, 
overcoming the latent heat is just a matter of time as the rate of oxidation has already gained 
enough momentum. 
6.4. Conclusion 
Use of an inhibiting agent to prevent spontaneous combustion has started picking 
up in mine industry. This study could illustrate how the use of chemical treatment can slow 
down coal oxidation and possibly prevent Btu loss due to oxidation. In this study, adiabatic 
heating apparatus was used to compare the effect of the different chemicals at distinct 
stages of coal oxidation and eventually develop a chemical that extends the time for coal 
to reach the thermal runaway temperature. Data obtained in this study can be accompanied 
by Scaling laws and describe the effect of the inhibitor for a stockpile of coal.  
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Chapter 7. Conclusions and Recommendations 
 
7.1. Major research achievements 
Spontaneous combustion of coal is a significant issue facing coal producers and 
end users worldwide. The propensity for coal to self-generate conditions that leads to a 
natural combustion event varies between coal sources and is magnified by the prevalent 
climate conditions existing during extraction, transportation and storage. However, there 
are very few existing devices at research facility and commercial laboratories that provide 
a means of assessing the potential for a given source coal to spontaneously combust. In this 
study, an adiabatic heating apparatus was designed, developed and tested to closely 
monitor and measure the key events and heating rates that lead to a natural combustion 
event.  A parametric study was conducted which assisted in establishing the baseline 
conditions to be used for comparing the combustion properties of different sources. The 
study also provided knowledge about conditions that could elevate the propensity for 
spontaneous combustion. Using these findings and the apparatus, various chemicals were 
evaluated for their ability to prevent or significantly delay a spontaneous combustion event. 
Specific conclusions derived from the research are:  
• Development of experimental apparatus to simulate auto-oxidation of a stockpile 
of coal  
Prior to initiating the studies, a device that could identify the distinct stages leading to 
a combustion event and evaluate the propensity for a coal source to spontaneously 
combust did not exist.  To conduct the study, an adiabatic heating apparatus was 
constructed to simulate the self-heating of coal under different conditions and the stages 
leading to a spontaneous combustion event. The apparatus was equipped with a control 
system which monitored the heating process and controlled the system based on an 
algorithm that was implementing to maintain control of the system during the 
combustion event. A coal sample was placed in a chamber with several thermocouples 
used to measure temperatures at various positions within the sample during the self-
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heating process. The test started with a drying period under nitrogen set at a pre-
determined amount of time. Afterward, pure oxygen was injected at a temperature that 
equaled the temperature within the coal as measured by the thermocouples. Results 
obtained from this procedure gave an insight to coal oxidation stages. Multiple 
experiments were conducted and confirmed the reliability of the apparatus by 95% 
confidence level. 
• Characterization of the effect of major parameters using Design-Expert  
The goal was to establish standard conditions that could be used to compare the 
propensity of spontaneous combustion between coal sources and assess the benefits of 
using different reagent and reagent packages to prevent or delay the spontaneous 
combustion process. A three-level experimental design was conducted to establish the 
effects of particle size, oxygen flow rate and drying time on the R70 index value. The 
R70 index is the rate of temperature increase within the coal during a critical phase of 
the initial developments leading to spontaneous combustion in units of degrees Celsius 
per hour. 
The test results were used to develop an empirical model describing the R70 index as 
a function of the three test parameters. The model was statistically significant and found 
to accurately predict the R70 index value within the range of the parameter values tested 
as indicated by a coefficient of determination value of 0.981. Based on the model, 
smaller particle sizes and shorter drying times cause an increase in the R70 value. The 
particle size effect is likely due to particle surface area and the corresponding change 
in heat generated from the oxidation process. In addition, incomplete drying using 
shorter drying times allows latent heat generation which accelerates the process to a 
thermal runaway point. Oxygen flow rate did not have a significant effect over the 
range of values tested. Based on these findings, standard test conditions were 
established and used for the evaluation of different coal sources and reagent types and 
concentrations.   
• Introduction of scaling laws to describe spontaneous combustion behavior at full 
scale by data obtained from the laboratory tests. 
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Based on the physical understanding of the important parameters associated with the 
spontaneous combustion of coal, a Fourier number scaling law was established. Lab 
data and field data were then used to confirm the accuracy of the scaling law. Once 
validated, the model was used to describe the full-scale phenomenon of spontaneous 
combustion of a coal stockpile. 
• Development of a chemical to delay spontaneous combustion of coal 
Using the knowledge of the contributing factors to spontaneous combustion, multiple 
reagents were developed and tested using the adiabatic heating apparatus. A key finding 
is that the chemicals do not totally prevent spontaneous combustion from occurring but 
significantly delay the timing of the event. The simple addition of moisture to a sub-
bituminous coal created a nearly seven-hour delay in the event by primarily reducing 
the latent heat rate from 50.46OC/hr to 7.10OC/hr. However, adding water decreases the 
heating value (btu/lb) which is the property that the end user desires more of. As such, 
an anti-oxidant was tested with minimal positive impact.  
From the parametric study conducted on the test apparatus, it was revealed that 
decreasing particle size accelerated the self-generation of heat. As such, an organic 
binder was evaluated as a means of agglomerating the fines and reduce the available 
surface area for the oxidation reaction. The result was a significant reduction in the R70 
index value from 44.07OC/hr to 5.71OC/hr with a smaller but significant decrease in the 
latent heat rate to 27.58OC/hr.  
Humectants are comprised of molecules with several hydrophilic groups which assists 
in keeping coated surfaces moist. Several types of humectants were investigated in this 
study and one source was found to provide a significant impact in reducing the latent 
heat rate to a value of 4.24OC/hr. The improvement in the R70 index was limited to 
25.89OC/hr.  
By applying both the binder and humectant, the R70 index and latent heat rate was 
reduced to 5.04OC/hr and 11.06OC/hr, respectively, which delayed the spontaneous 
combustion event for about 15 hours in the apparatus. Given the enriched oxidation 
conditions in the apparatus, it is expected that the treatment of a coal using the 
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humectant and binder would likely prevent spontaneous combustion given the typical 
time between extraction and end use. The reagent combination has been successfully 
utilized by a commercial chemical supplier in the coal industry. 
7.2. Recommendation for future work 
1. The use of a larger experimental facility with more thermocouples installed at 
different locations will provide better insight into the influence of heat and gas 
transport processes occurring in a stockpile. 
2. Equipping the adiabatic heating apparatus with micro gas chromatograph to study 
the production of gases during oxidation and analyze the effect of the chemical 
inhibitor on the process. 
3. Follow the gas composition of untreated coal and treated coal to gain a better 
understanding of the reaction kinetics and mechanism to improve the chemical 
development process. 
4. Assess the effect of ambient humidity by injecting oxygen with different humidity 
levels to understand how ambient conditions affect coal self-heating. 
5. The effect of coal moisture on spontaneous combustion is significant, but further 
studies are required to measure the chemical and physical effects when coal 
undergoes drying. The heat contributes by moisture due to condensation or 
evaporation corresponds to the latent heat. Details of chemical reactions involving 
water have not yet been discovered. Also, details on drying effect on the surface 
area and porosity of coal need further studies. 
6. Coal chemical treatment is a function of the reaction site. Thus, the surface area 
and porosity measurement of the different type of coal can provide an improved 
understanding of how much chemical and what application procedures are required 
to treat coal. 
7. The cost versus benefit analysis can encourage pessimistic coal industry to take a 
fresh look at treating spontaneous combustion. 
8. Measure the effect of chemical treatment on preserving the Btu value of coal. 
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